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Abstract 
Permeability of benzene or n-hexane through an activated carbon has never been 
seriously studied in the literature. The observation of trend of permeability curve at a 
certain reduced pressure for a given temperature is essential in determining flow type 
of an adsorbate in the porous medium. 
In this report, it is observed that at low pressure, surface flows dominate the transport 
of the adsorbate at micropores while at high pressure, gaseous viscous flow acts as a 
controlling mechanism at macropores. It is also believed that capillary condensation 
shows a significant role in transport of molecules in porous media. where when all 
pores are filled with condensate at pressure close to the vapour pressure. This results 
in a great decrease in permeabilitv 
In general, for a given reduced pressure, permeability increases with temperature 
because of the increase in vapour pressure with temperature. 
A hysteresis of adsorption-desorption permeability curves for activated carbon that 
shown in the experiment result seems to agree with any experimental result reported 
in the literature for other systems. 
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1. Introduction 
Nowadays. there are enormous wide-ranging discussions and literatures on 
adsorption However, the study of kinetics i e the rate at which the adsorption occurs, 
panicularly on activated carbon is still inadequate In real life, the application of 
activated carbon is so significant especially in YOCs removal from air as well as the 
removal of solvent and odours from air. This is because it has reasonably high surface 
area and relatively large micropore network for the transpon of molecules to the 
interior. For this reason, it is appropriate to develop a comprehensive knowledge on 
adsorption using activated carbon 
The experimental work consists of two pans The first part is done by using benzene 
and n-hexane at the temperature of :88 K and 303 K (refer to Appendix 1 for the 
short report). It is observed that there is a fluctuation in upstream and downstream 
pressures each time the adsorption gets near to the vapour pressure. Besides that, the 
downstream pressure is higher than the upstream pressure, which is not likely to 
happen since the upstream reservoir is much greater than the downstream reservoir 
As a result, the desorption curve is lower than the adsorption curve. This is due to the 
inconsistency temperature throughout the fittings Consequently, some condensate 
traps in the fittings. Hence, the equipment is modified to maintain the operating 
temperature of the whole system. 
The second part of the experimental work is done using the modified equipment. In 
addition, the sample of the cell is replaced from the thickness of 4 mm to 2 mm. This 
is essential in order to accelerate the diffusion of adsorbing vapour through the sample 
cell. Nevertheless, the shorter cell has a tendency to crack during the preparation of 
the sample since it is more delicate and fragile Consequently, the permeability is 
twice greater than before 
The repon will focus on the second part of the experimental work It provides an 
understanding of the flow of benzene and n-hexane through activated carbon at 
different temperatures It is hoped that from this report, the reader will have a better 
understanding on adsorption kinetics of activated carbon 
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2. Objectives 
The aims of the experimemal repon are 
• To establish the h)'Sleresis of the permeability of adsorbing vapours through 
activated carbon at various temperatures from low pressure to capillary 
condensation range (near to the vapour pressure) 
o To investigate the dependence of the transport on pressure and temperature. 
• To determine adsorption-desorption hysteresis over the pressure range. 
This is done by studying the measured permeability, which is constant at fixed 
pressure, temperature, adsorbent and adsorbate 
3. Literature Review 
3.1 Activated Carbon 
Activated carbon or AC is manufactured from a wide variet) of materials such as 
coal, peat, wood, and coconut shell. The process of manufacturing of AC involves 
two main steps low temperature carbonization of raw carbonaceous materials in an 
inert atmosp~ere and activation of resulung char at temperature between 700 and 
1100°C. 
AC has a polymodal pore-size distribution: bimodal or trimodal. In general, larger 
pores are known as feeder or transport pores and smaller ones are called adsorption 
pores. The pore geometry of AC is assumed to be slit shaped. This is because the real 
pores have arbitrary shape and size, which is hard to judge whether they are slit or 
cylinder. Moreover, micropores in AC are more or less slit shape. Therefore such 
shape is retained for all pores7 Based on the BET method, the surface area of AC is 
between 300 and 2,500 m2/g, which is the largest among all sorbents. Classification of 
pores has been categorized by International Union of Pure and Applied Chemistry 
(IUP AC), tha: is 
• Macropores d> soo A 
• Mesopores 20 A< d< soo A 
• Micropores d< 20 A 
3.2 Adsorption Isotherm 
Typical adsorption isotherms of AC can be seen in Figure 1 At lov. relative pressure. 
at which the surface coverage is well below that required for a monolayer, the 
Sunau ~uflan 




Figure 1 Typical Isotherms for an Adsorbate on Carbon Black14 
isotherm obeys Henry's Law. approaching a straight line passing through the origin. 
This initial rapidly rising parr of the isotherm corresponds to the amount of gas 
adsorbed until some limiting value is reached. As the pressured is increased, 
multilayers may begin to form, even before the monolayer is complete (see Figure 2), 
and the narrowest micropores become filled. Further increase in pressure causes 
multilayers to build up over the whole surface and capillary condensation to take 
place in the transition pores14 It is believed that the reduced pressure of 0.35 is 
regarded as the demarcation point between the multiplayer adsorption and capillary 
condensation mechanismu The rest of the curve corresponds to normal multilayer 
formation. 
Figure 2: Brunauer's model of multilayer adsorption showing randomly covered 
sites by one, two, three, etc., adsorbate molecules5 
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3.3 Adl'aotages of AC 
AC is ·.videly used in many industries especially in air and water purification systems 
The advantages of using AC from any other adsorbents are39 
o AC is the only sorbent that can perform separation and punfication processes 
without requiring prior stringent moisture removal. 
o Since it has large accessible internal surface, AC adsorbs more nonpolar and 
weakly polar organic molecules than any other sorbents. 
o AC has lower heat or adsorption, or bond strength. Thus, stripping of the 
adsorbed molecules is easier and as a result, lower energy is needed for 
regene~ation of the sorbent. 
3.4 Pore !\etwork Model 
Different types of model to explain a porous media have been proposed from time to 
time. At early stage, Rhim and Hwang. Uhlhorn, and Lee and Hwang described the 
complex porous material as continuum models. However, such models are ideal for a 
single pore size and it fails to clarify the complexity caused by pore size distribution. 
Moreover, they are unable to explain the maximum permeability occurs in capillary 
condensation region. Later, Rajniak and Yang proposed a discrete model known as 
Bethe tree ne:work model (see Figure 3) In this model, the connectivity of porous 
media consists of endlessly branching network without closed loops. Based on the 
information of the connectivity and the position of the closure points, the effective 
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Figure 3: Bethe tree, a network model without closed loops. 
with connectivit) C = 329 
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3.5 Types of Flow 
Typically, there are 4 distinct mechanisms of molecules transport inside a porous 
medium. They are 
3.5.1 Knudsen Flow 
This free molecular diffusion occurs in small pores at low pressure when mean free 
path of molecules is greater than the pore diameter Hence, collisions of molecules 
with pores occur more frequently than collisions between diffusing molecules i.e. 







D = characteristic of pore diameter 
= slit width (for AC) 
For Knudsen diffusion, Kn>> 1. The expression for the Knudsen flow m a porous 
medium can be written using the Knudsen Equation 2 
J ---- I -2tr( 8 \, 05 !1P 
• - 3 r JTRTM; L 
where 
r = tortuosity 
c = porosity 
( I -2 -1) mo m s (2) 
By integrating Equation 2, the permeability of Knudsen diffusion, Bk becomes5: 
J ~ ( 8 ,o; 
B • - e·' ., ( I P -1 -] -l) (3) t = . = ---~ I (M L) 3 r 1,_dllM) mo. a m .s 
3.5.2 Viscous Flow 
Also known as streamline flow, this phenomenon occurs when the flow is induced by 
a driving force of total pressure gradient (Kn << 1 ). By considering that the flow is 
laminar and no slip flow. the molar flux of viscous flow. J can be described bv a 
Hagen-Poiseuilie equatJor.5 
tr' p jjp 
J =---
' Sr)Jl?T L (4) 
At steady stale. integrate Equation 4 over the thickness of porous medium gives 
SunatJ Sufian ChemJcal Engmeering Department, Tne Uruverslt~ of QueenslWld 5 
EJ898 Penneahility of adsorbablc Benzene and N-Hexane through Activated Carbon 




--P 8rj.JRT m 
P,. = mean pressure = (P1+P2)!2 
P1 = inlet pressure 
P 2 = outlet pressure 
3.5.3 Surface Diffusion 
(5) 
Although the mobility of adsorbed molecules is much smaller than gas phase, the 
concentration is much higher. Thus. surface flux contributes significantly in small 
pores when thickness of adsorbed layer is appreciable. As a result, a surface gradient 
exists in parallel to the gas phase concentration gradient. 
In the literature, there are numbers of theories in describing surface flow. These 
include Darken-type theories and multilayer theories. Other models are given as 
below: 
Hopping model- Gas molecules move over the surface by hopping movements 
from one site to another with a certain velocity (Okazaki et aL, 
1981 ). 
Hydrodynamic model-The flow of adsorbed molecules is due to the viscous motion of 
the liquid film inside the porous medium (Gilliland et aL, 
1965) 
Random Walk model- This model IS proposed usmg the two-dimensional form of 
Fick's law5 
In general, the equation for surface diffusion flux is: 
1 =-D oc, =-(n ac,)aP 
' 'az 'aP az (6) 
For AC, Do 12 suggests a new expression: 
J = -[D (r c ).S. ll x aP 
s so'sp a: (7) 
where i E r T \" E ar l D =Dooexpl,--.!"...11--' i xexpi '' fA-, 
'' " ' RT · T ' i, RT 1 + fJC L o\ / ._ s-' 
(8) 
D ;a = corrected diffusi\ it y at zero loading and at a reference temperature T,. 
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3.5.4 Capillary Condensate Flow 
AC is a highly porous solid hence adsorption of gases by it involves not only the 
covering of the surface with layers of molecules but also the filling of the pores with 
condensed adsorbate. The latter phenomenon is known as capillary condensation or 
Kelvin mechanism. Capillary condensation occurs when smaller pores becomes 
completely filled with liquid sorbate. This is due to the effect of surface tension, 
which results that the saturation vapor pressure is reduced. The behavior of such flow 
has been described as hydrodynamic model by Flood and Huber, then followed by 
Gilland et al., and Tamon and Toei. Other models has been successfully presented 
such as 'six flow model' by Rhim and Hwang (1975) as well as Lee and Hwang 
(1986), Abeles et al. (1991), and Rajniak and Yang (1996). An example of a model 
can be seen in Figure 4, which has been developed by Do and Do (2000). 
For a slit shaped geometry, Innes (1975) has developed an equation for capillary 
condensation as below 
YV 
r -t-d/2= ' m 
k RTln(P/P') (9) 
--
Figure 4: Different Regimes of Diffusion and Flow of Adsorbate Molecules 
Through a Pore7 
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The ability this equation to estimate the adsorbed layer thickness, t has been 
questioned by Nguyen and Do (1999). Hence. they used a modified equation as 
belo~v: 
) yvmcosB r -a,/2-t(p,r =- RTin(Pjr) (10) 
4. Experimental Set Up 
4.1 Apparatus 
The experimental setup can be seen in Figure 5. The system contains an ultrahigh 
vacuum (UHV) rig which was constructed by using Cajon~ VCR® fittings (supplied 
by Cajon company, Ohio, USA) and ConFiat" fittings (supplied by Varian company, 
MA, USA). The system pressure (upstream, downstream and differential) was 
monitored by using the MKS Baratron® pressure transducer type 690A and 698A 
(provided by MKS company, Andover, MA USA). The activated carbon used is Ajax 
type 976 supplied by Ajax Chemicals Australia in which the physical properties are 
given as below1 1: 
Geometry 
Length 






Micropore (<5.0 nm) porosity 
Macropore (>5 0 nm) porosity 
Average macropore diameter 
BET surface area ofN2 
Mean macropore radius 
-1 
Mean m1cropore half wtdth 
I 







1 o44 ! cmJ/g 
I 
! 0. 71 i I 
1 o4o I 
0.31 
0.8 111m I ! 
I I 
1 1200 I m"/g 
. 
i 800 nm I 
i 
-" 1 - . nm 
Table 1: Physical Properties of Activated Carbon 
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Figure 5: Experimental Apparatus for Differential Permeation Measurements 
Key: 
I Mechanical Vacuum Pump 
2 Molecular Drag Pump 
3 Gas Container 
4 Liquid Adsorbate= 23.1 ml 
5, 7 Absolute Pressure Transducer 
6 Differential Pressure Transducer 
II Upstream Reservoir= 4880 ml 
8, 9, I 0 Pressure Display 
12 Sample Cell 
13 Data Logger 
14 Computer 









} Downstream Reservoir = 3 8. 9 ml 
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4.2 Procedure 
The apparatus can be simplified as in Figure 6. It consists of two reservoirs separated 
by the porous medium. Once the particle-reservoirs assembly was brought to the 
adsorption temperature. it was cleaned under ultra-low vacuum (below I 0-4 Pa) 
overnight. Then, pure vapour was dosed into the system and sufficient time was 
allowed for the upstream and downstream pressures to reach equilibrium Next, the 
sample cell was isolated by closing the valves and a small amount of vapour was 
added into the upstream reservoir. When the new pressure was reached, the isolation 
valve was opened to allow diffusion and flow through the carbon particle to occur At 
the same time, the pressures of upstream and downstream reservoirs were monitored 
and recorded into a personal computer using a multi-channel data logger. Because of 
its large volume, the upper reservoir was essentially constant throughout the 
experiment. When the downstream pressure was equal to the upstream pressure, the 
run was stopped by closing the valve so that the upstream reservoir was isolated from 
the rest of the system. Its pressure was then incrementally increased to allow another 
run to take place. 
The experiment was repeated until the relative pressure reached at about 0.95. 
Subsequently, desorption experiment was ran by reducing the upstream pressure up to 
a desired value. Again, isolation valve is opened to allow diffusion as before. Same 







.,. Sample Cell I ... I 
' 
I 
Figure 6: Schematic Diagram of the Permeation Apparatus 
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5. Calculation Method 
For both adsorption and desorption runs, the total permeability, Br is determined by 
the formula below: 
B = J 
T (t-.P/L) (II) 
where 
J . n VdPI (12) Total flux through the part1cle = - = --x-
A RT dt A 
A = Cross sectional area of the porous medium 
T = Temperature of the system 
R = Gas constant 
v = Volume of downstream reservoir 
Pressure, P (i.e. downstream pressure) changes with time while A, V, T, and R is 
constant. 
Hence B = LV dPjdt 
' ART llP 
(13) 
where 
= pressure difference of upstream and downstream pressure respectively 
In this experiment, the permeability calculation is done by using integral method. 
Rearrange Equation 13 gives: 
~dP, _B(P.-P.) 
ART dt - L 1 2 
(14) 
The above expression is solved by integrating with respect to pressure and time. 
VL rP, dP, r d 
BART JP, P. - P = Jo 1 
1 2 




By plotting a graph of lnj~ against I, the graph shows a straight line that 
IP. -PJ 
. ' ' 
passing through the origin Hence. B can be determined by calculating the slope of the 
graph since A, R_ Tand Vvariables are known (see Figure 7 for an example). 
























~ ~ Slope= BARTNL 
/ 
2000 4000 6000 8000 \0000 12000 
time (s) 
Figure?: An example of a graph to obtain a slope using the integral method. 
6. Observations 
1. By referring to Figure 8, it can be seen that at very low pressure, penneabi 1 ity 
starts at around 6x I o·9 to 8 x 10'9 moli(Pa.m.s). It is believed that at very low 
pressure, the permeability should be that ofKnudsen permeability. 
2. At the beginning, the curve starts to shoot up tremendously and reaches a 
maximum at a reduced pressure of 0 01 to 0 02. Then, the curve bends down 
to a minimum point at about 0.08 
3. From the minimum, the curve gradually rises slowly up to 0.25 and then 
mcreases rapidly up to 0.85. From this point, the curve starts to decrease 
agam. 
4. Permeability can only be determined for a relative pressure up to 0.95. Beyond 
this point, upstream and downstream pressures start to fluctuate. Hence, it 
would give error in calculating permeability. 
5. When plotting permeability as a function of relative pressure, the higher the 
temperature, the higher the permeability. 
6. The higher the temperature, the more tendency the upstream/downstream to 
fluctuate once it goes near the vapour pressure. 
7. For desorption. it is observed that most of the time, the curve is slightly higher 
than that of the adsorption although one or two points are lower. This can be 
regardec as an experimental error 
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8. The desorption curve meets the adsorption curve at a relative pressure of 0.2. 
Then the curve starts to rise up and finally reaches a maximum point that ts 
greater than the adsorption point (refer to Appendix 6). 
See Appendix 2 and Appendix 3 for some comments and detail results for benzene 
as well as n-hexane respectively. 
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Figure 8: A Graph of Permeability, B against Reduced Pressure, PIP" for 
Adsorption of Benzene at Various Temperatures. 
7. Discussion 
7.1 Classification of the Curve 
The trend of the curve can be classified into 5 regions (see Figure 8) 
1. Region I: Relative pressure at 0 to 0. 02 
At very low relative pressure, only distribution of micropores is significant whereas 
adsorption on mesopores and macropores surfaces is not considerable. There are two 
processes involve which is Knudsen diffusion flow and surface diffusion of adsorbed 
molecules. The adsorbed molecules are strongly bound to high-energy sites in the 
limit of zero pressure Initially, adsorbate molecules start to fill into micropores as 
soon as the sample is exposed and single adsorption layer started to build up. It is then 
followed by the transport of multi-layers of adsorbed molecules in pores where gas 
molecules adsorbed in several layers on the surfaces. This caused a steep rise in 
permeability up to reduced pressure of 0.002 Surface diffusion is less significant at 
very low pressure and therefore its contribution to the overall permeability is very 
smalL 
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2. Region II: Relative pressure at 0.02 to 0.08 
Once most of the micropores and small mesopores have been filled quickly by 
adsorbate, capillary condensate is formed. As a result, the permeability decreases as 
the pressure increases since the permeability of capillary condensate has a decreasing 
behaviour with pressure. 
3. Region III: Relative pressure at 0.08 to 0.3 
At this stage, Knudsen diffusion occurs at intermediate pores i.e. large micropores (-
20A) where adsorbed layers started to build up In addition, permeability of gaseous 
viscous flow at macropores, which is driven by a total pressure gradient also, 
increases linearly with pressure Thus, decrease in permeability of capillary 
condensates in the small pores is compensated by the increase in permeability 
contributed by larger micropores where multi-layers increase slowly as well as by the 
gaseous viscous flow. Although surface flow of the sorbed layer of the adsorbate also 
contributes to the overall permeability, capillary condensation has a much stronger 
effect that gives a significant contribution. 
4. Region IV: Relative pressure at 0.3 to 0.85 
Apart from the reduction in the pore area of the flow as well as the competition from 
the capillary condensate in mesopores, the gaseous viscous flow still dominates the 
flow. The building up of multi-layer adsorption also enhances the increase of 
permeability until all pores have been filled up to a reduced pressure of 0.85 Hence_ 
the net result of the sum ofpermeabilities turn out to be linear with pressure. 
5. Region V: Relative pressure at 0.85 and above 
It is believed that when all pores are filled up with condensate, the vapour flux 
through the pore is cut off Consequently, the transport only depends on surface 
diffusion and any bulk flow Soon, the permeability began to decrease with pressure 
This is due to the significant reduction in the pore area of gaseous viscous flow and 
the transition of pores from the capillary-enhanced to the Poiseuille flow mode. 
(Tevelokos et al) 
7.2 Variation of Permeability with Pressure 
It is strongly suggested that the total permeability increases with pressure at almost 
linear trend and it is mostlY contributed by viscous flow in gaseous phase which acts 
as a controlling mechanism Theoretically. the permeability due to the Yiscous flow is 
given by 





where B' =-, 
3r 
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(16) 
= viscous parameter 
It is a function of solid characteristics such as porosity. pore shape, pore size 
variation, and pore connectivity 
From the above equation it can be seen that for a given temperature, __!!_:____ = constant 
pRT 
Hence, viscous flow permeability increases linearly with pressure because the gaseous 
viscosity is independent of pressure, i.e. B oc P. 
Therefore, the slope of the plot of permeability against pressure is proportional to 
ll,uT. The result of the ratios of the slopes (relative pressure range from 0.2 to 0.8) for 
the three different temperatures is given as below (refer to Appendix 4 for the 
details) 
Temperature, T : Sloper Ratio 
288 K 6. 72x 10'13 Slope288 : Slope298 = 1.08 
293 K 
1 659x 10'13 Slope293 · Slope298 = 1 06 
298 K I 6.21x10'13 S1ope288: Slope293 = I. 02 
Table 2: Ratio of the slopes 
By comparing with 1/ ,uT, 
Temperature, T 11/(~T) Ratio 
288 K I 474.35 11(~28&) : 11(~298) = 1070 
i 
293 K ! 458.73 1/(~293): 11(~298) = 1. 03 5 
298 K • 443.29 11(~288) . l/(~293) = 1034 
' 
i 
Table 3: Ratio of 1/,uT 
The measurement results and theoretical calculations are comparable. The error IS 
about ±2% at most It shows that \'iscous flow is the basis of transport mechanism in 
large pore compared with Knudsen flow 
Suriati Sufian Ch~mJcul Eugmeenng DepartmenL The University of Queensland 15 
El 898 Penncahil1\1 of adsorbahlc Benzene and N-Hcxane through Ac\ivated Carbon 
7.3 Variation ofPermeabilit)' with Temperature 
Consider Equation 16 which can also be written as: 
(17) 
Basically, one should expect that an increase in temperature will result in a decrease 
in the permeability. The reason is for gas, the viscosity increase with temperature. 
However, this is not true in practice lt is observed that permeability increases with 
temperature. This is because vapour pressure increases very fast with temperature and 
the increase is much greater than that of the viscosity 
The slope of the permeability versus relative pressure for each temperature can be 
found by calculating B,P. and the results are then compared with the slope of the 
pRT 
graph (only plots that exhibit linear fashion are taken into account, see Appendix 5). 
Temperature, Theoretical Practical ! 
T B·Po/(ji.RT) Slope Ratio Theoretical Practical 
288 K 3.58xl06 5 .52x I 0"9 298 : 288 1.5 1.61 
293 K 4.38x!06 6.94x10"9 298 : 293 122 1.28 
298 K 5.35x!06 8.86x 10"9 293 . 288 1.22 1.26 
Table 4:Comparison Between Practical and Theoretical 
The ratio of the slope taken from the experiment is about 7 - 3 % greater than the 
theoretical calculation. This is due to the different degree of contribution from other 
processes such as surface flow and Knudsen flow. 
7.4 Adsorption-Desorption Hysteresis 
Typically, in a process of adsorption. an increase in pressure causes more sorption 
either as a further adsorption or as condensation. In desorption, decrease of the 
pressure causes either decrease of the adsorbate coverage or vaporisation of the 
condensate. 
Just like any other results as reported before a small hysteresis between adsorption 
and desorption is marked on the permeability curves (see Appendix 6). This is due to 
the existence of a meniscus in the desorption mode3' Such phenomenon indicates that 
the transport does not solely involve> 1iscous flow The maximum values of 
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desorption is greater than the one during adsorption and are shifted to lower relative 
pressure. At a reduced pressure of 0.2, desorption curve coincides with the 
corresponding adsorption ones. However, as the pressure gets lower, the desorption 
curve is higher than that of adsorption. 
Unlike adsorption, desorption process occurs when the pore is allowed to desorb and 
when the pore has access to the bulk vapor. Pore-blocking effects can explain the 
hysteresis of capillary condensate \'apor In principle, a pore cannot empty until at 
least one of its neighbors has emptied. This effect depends on the interconnections of 
the pore networks29 Either the site remains full or empty depends upon whether one 
of its bonds connected to the vapor and at the same time can also allow a capillary 
meniscus to pass. 
7.5 Other Method 
Another simple method is brought up to identify whether permeability at certain 
pressure is affected by amount of molecules adsorbed onto the surface or by viscous 
flow. This is done by plotting a graph of BIC!i against P/P0 (see Figure 9 for a general 
curve), in which B is the permeability (mol/Pa.m.s), C!i is amount adsorbed (mmollg) 
and P/P0 is relative pressure (or reduced pressure). For each temperature, the graph 
gives almost similar trend of curve, which virtually has the same respective relative 
pressure (see Appendix 13). 
By taking Figure 9 as a reference, at initial stage (point A to B), it can be seen that 
there is a small increase in BIC!i for up to a relative pressure of 0.05 (not all graphs 
exhibit the same manner). It means that the increase in permeability is greater than 
that of the amount adsorbed because at the beginning, the adsorbate starts to occupy 
the micropores. Point B to C shows that once the micropores have been occupied by 
the adsorbate, there is a sudden drop of BIC ~' due to the condensate in the pores 
Moreover, large amount of molecules adsorbed on the surface area. This is agreeing 
with the benzene isotherm (see Appendix 7). When the pressure is high enough, 
(point C to D), the curve shows almost straight line. More molecules are adsorbed but 
not as much as before and simultaneously multi-layers start to build up At the same 
time, the permeability is also increased at the same rate as the adsorbed molecules 
Therefore, BIC" is almost constant up to a reduced pressure of 0 3 Beyond 03 (point 
D to E), although adsorption is taken place. the graph rises at almost linear. It 
indicates that there is a great contribution from viscous flow. which plays a dominant 
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role in transport mechanism. Subsequently, BIC, decreases rapidly again at a reduced 
pressure of0.85 (pointE to F). This is due to the reduction in permeability since all 
pores have been filled up with condensate. 







0.1 0.3 0.85 
Figure 9: An Unsealed Graph of BIC, against PIP' for Benzene Adsorption. 
8. Conclusion 
It can be concluded that: 
1. The permeability curve can be divided into five regwns. Each region 1s 
dominated by different types of flow, depending on pressure and size of the 
pores. 
2. At low pressure, surface flows dominate the transport of the adsorbate through 
the micropores. Then at relatively high pressure, gaseous viscous flow acts as 
a controlling mechanism at macropores. 
3. Capillary condensation plays an important role in transport of molecules m 
porous media, where it caused a great decrease in permeability at near to the 
vapour pressure in which all pores are filled with condensate. 
4. For a given reduced pressure, permeability increases with temperature due to 
the increase in vapour pressure with temperature. 
5. For activated carbon. there is a hysteresis of adsorption-desorption 
permeability curves. This agrees with any experimental results reported in the 
literature for other systems 
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9. Difficulties 
There are a few difficulties encountered throughout the experiment especially when 
running the first part of the experiment 
1. The time scale of runs was the maJor problem for the first part of the 
experiment The length of the sample cell was 4 mm and it took three to four 
days for an adsorption to reach equilibrium depending on the pressure and 
temperature. Since each run only produced one point on a permeability curve, 
it took a few weeks just to get one permeability curve. 
2. The experiment was run during winter time and at that time, the ambient was 
12 to !5°( during day time and less than 10°( during night time. Since most 
of the fittings were exposed to the surrounding, it is believed that some vapors 
were condensed somewhere along the fittings. This gives error to the 
adsorption curve (see Appendix 1). 
3. The pressure transducer can only measures the pressure up to I 00 Torr. This 
gives limitation to the experiment for any adsorbate that has vapor pressure 
more than 1 00 Torr. 
4. Much time has been consumed in modifying the apparatus by insulating the 
fittings in order to maintain at a certain temperature and in preparing a new 
sample cell, length 2 mm. Moreover, the air-conditioner of the lab was not 
function for quite some time and this has delayed the experiment. 
5. Although using the new sample for the second part of the experiment could 
collect many points on permeability curve. more points are needed to observe 
the trend of the curve especial! y at a very low pressure and at a pressure near 
to the vapour pressure. 
6. There was a few unavoidable power failures occurred while runmng the 
experiment As a result, some of the unsaved data is lost 
10. Recommendations 
I. Even though smaller sample cell causes faster rate of adsorption, the tendency 
for the cell to crack during the sample preparation is high. Hence, the 
thickness of the sample cell should be at about 3 mm. 
2. All fittings including valves and pressure transducers must be kept at a certain 
operating temperature or slightly higher than that. This is to avoid 
condensation of adsorbate vapor at any part of the fittings 
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3. The apparatus system should be well insulated especially when running an 
experiment at low temperature It is advisable to measure a temperature at 
different parts of the system to ensure that the operating temperature IS 
consistent. 
4. More adsorbates from other groups such as alcohol and paraffin should be 
used in investigating the trend of the curve permeability as for comparison. 
5. A more flexible pressure transducer that can measure pressure more than I 00 
torr should be used to collect more data from various temperatures. 
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11. Nomenclatures 
A = cross sectional area of the cell m2 
B = total permeability mol/(Pa.m.s) 
Bt = Knudsen permeability mol/(Pa.m s) 
Bv = viscous permeability mol/(Pa.m.s~ 
eli = adsorbed phase concentration or amount adsorbed mol!m· 
c, = surface concentration mol/m 3 
d = pore diameter m 
D = characteristic of pore diameter or slit width m 
D = collision diameter of molecule n 
D, = transport surface diffusion m2/s 
D,o = corrected surface diffusivity m2/s 
corrected surface diffusivity at zero loading ' DsO: = m·/s 
E,o = corrected acti\·ation energy for surface diffusion J 
J = total flux mol/(m2 s) 
Jk = Knudsen flux mol/(m2 s) 
J, = surface flux mol/( m2 s) 
Jv = viscous flux mol/( m2.s) 
k = Botlzmann constant 
Kn = Knudsen number 
L = length of the medium pore m 
L = cell length m 
Lc = length of capillary m 
M = molecular weight g/mol 
P,p = pressure Pa 
po = vapour pressure Pa 
PI = inlet pressure or upstream pressure Pa 
Pz = outlet pressure or downstream pressure Pa 
Pm = mean pressure Pa 
Po = initial pressure Pa 
R = pore radius or slit half-width m 
R = gas constant 8.31451 J/(Kmol) 
rk = Kelvin radius m 
T = temperature K 
t = adsorbed layer thickness m 
t = time s 
To = reference temperature K 
v = volume of downstream reservoir m 3 
Vm = molar volume m3/mol 




















col! lSJOn j; a meter of the surface carbon atom m 
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13. Appendices 
13.1 Appendix 1 -Experimental Report of Part 1 
13.1.1 Results 
I. The overall result can be seen in Figure 10 Permeability(B) versus Relative 
Pressure (PIP"). It can be seen that B rises rapidly at the beginning up to PiP" 
= 0.1 which results in a steep slope At PIP" > 0.1, the slope is shallower and 
almost linear up to PIP' - 0 9. Within this range, normal adsorption is taken 
place where Pz increased until it reached equilibrium with P1 for pressure up 
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Figure 10: A Graph of Permeability (B) versus Relative Pressure (PIP") of 
Benzene Adsorption at Various Temperature 
2. When P1 is set at 55 Torr, it decreased quickly at that moment the sample is 
open. Initially P: increased as usual (tn·ing to reach equilibrium) but once it 
intersects with P 1, it gradually decreased and remained constant at almost 53 
Torr although sometimes i1 expecienced fluctuations P 1 also showed the same 
behaviour asP: and eventual!\ n remained unchanged at 53 Torr However. at 
most of the time, P2 always have value greater than P 1 (see Benz15d3) 
3. P, is then increased to 56 Torr, and again when the sample is exposed. the 
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fluctuations. As expected, P2 rose initially for a short time but as it crossed 
over P 1, the pressure decreased slowly and then it is effectively constant at 
53.2 Torr (refer to Benzl5d4). 
4. Similar behaviour is observed when P 1 is expanded to 57 Torr where 
eventually both pressures reached equilibrium at 53 5 Torr. (Benzl5d5). 
5. When P 1 is reduced to 50 Torr in order for desorption to occur_ it rose up to 
53.4 Torr in a very short time and then fluctuated for several times before it 
stayed almost constant at 53.4 Torr. P2 decreased from 53.7 to 53.3 Torr. It is 
then increased insignificantly before it is held constant at 53.4 Torr. (refer to 
Benz15d6) 
6. Similar observation can be seen as P 1 is decreased to 45 Torr except that P 1 
crossed over P2. Then, P2 slowly increased while P1 still increased but not as 
fast as before Both pressures reached equilibrium at 53 .I Torr. (see 
Benzl5d7) 
7. Normal desorption is observed when P 1 is at 40 Torr although it increased a 
little bit up to 40.9 Torr before it remained constant all the time. P2 decreased 
exponentially from 53.2 Torr until it reaches equilibrium with P 1. (refer to 
Benz15d8) 
13.1.2 Discussion 
1. Rhim and Hwang (1974) state that capillary condensation occurs m 
microporous medium due to vapour pressure lowering i.e. when the 
temperature is low. In this experiment, the adsorption occurred at 15'C that is 
quite low and no experiment has ever been conducted at such temperature 
before. Hence, no paper or literature has ever discussed such case. It is 
believed that at early stage of adsorption (PIP" - 0 5 ) capillary condensation 
has played a role in adsorption Some literature says that capillary 
condensation starts to occur at PIP" = 0 3530 and other say that the 
phenomenon happens at PIP" = 0 632 . Hence, apart from surface flow, the 
flow of capillary condensate should also be taken into account 
2. Isotherm of Benzene can be referred to Appendix 7, where from there it can 
be predicted that isotherm for benzene at 15'C should more or less possess 
same manner as isotherm for benzene at 20'C (see Figure 11 below) 
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0.1 09 PIP' 
Figure 11: General Curve for Benzene Isotherm 






Figure 12: General Permeability Curve of Benzene Adsorption 
3. From the above graph it can be seen that single layer adsorption predominates 
initially, in which the permeability (B) increases rapidly up to point X Then, 
multi-layer adsorption is taken place and B gradually increased from point X 
toY 
4. As the pressure approaching to vapour pressure (P"), it IS thought that 
capillary condensation begins to occur in fine pores at the beginning. 
Therefore, apparent adsorbed phase can be classified into actual adsorbed 
phase (mono-layer and multi-layer) and capillary condensed phase 
5. Between point Y and Z. unusual behaviour of adsorption is taken place By 
referring to Benz15d3. as soon as the sample is open. P 1 decreased quickly 
from 55 to about 53 Torr because it did not just start to fill in the pores but 
Sunati Sufian Chemical Engineenng Department The Univers1ty of Queensland 26 
EJ898 Penncability of udsorbablc Benzene and N-Hcx:.me through Activated Carhon 
since P2 is less than P 1 That is why P2 increased exponentially as P 1 supplied 
more pressure to it (see Figure 13). Once the pressures intersect at 
approximately 52.9 Torr P2 decreased since the adsorbate started to fill in the 
pore as it had already enough pressure to do so. P1 also decreased but not as 
much as before as it only filled the pores but not giving away the pressure to 
P2 anymore (see Figure 14). 
6. Same phenomenon occurred in Benz15d4 and Ben15d5 
7. For desorption to occur, P1 is reduced to 50 Torr. As soon as the sample is 
exposed, P1 increased massively up to about 53.4 Torr. This is due to the 
release of the adsorbate from the pores and the pressure from P2 that is 
initially 53.5 Torr is shifted to the upstream reservoir Hence, P 2 decreased 
slightly until up to 53.5 Torr (see Figure 15) Once P 1 reached at 53.4 Torr, it 
fluctuated for several times before it slowly increased until it achieved 
equilibrium with P2 . At this moment, the adsorbate in the pores are released 
and moved to upstream and downstream reservoirs (refer to Figure 16). 
8. When P 1 is lowered to 45 Torr, similar behaviour can be observed as before 
but P1 and P2 intersected at about 53.1 Torr (see Benz15d7) At first P2 
decreased exponentially while P1 increased exponentially as well. Once they 
crossed over, P1 continued to increase but no as much as before since it only 
received adsorbate from the pores and not from P2 On the other hand, P2 
started to increase due to the same reason as P 1. 
9. It is believed that almost all pores are completely filled with liquid sorbate. 
This is the region where P 1 and P 2 exhibit fluctuations behaviour at around 53 
Torr (PIP"- 0.91) Thus, B cannot be determined 
10. There are some possibilities 
• When the condensation pressure is reached in the finest pore and multi-
layer becomes sufficiently thick, the pores are filled with a liquidlike 
phase starting from the micropore. As the pressure is progressively 
increased, wider and wider pores are filled until all pores are occupied 
by condensate until almost saturation pressure is reached (PIP" = 0 9) 
At this stage, the vapour flux through the pores are cut off and transport 
depends on surface diffusion and together with any bulk flow induced 
by the capillary forces Since there are some pores are connected 
together in a network via bonds29 then it is possible that P2 slightly 
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higher than P1 For instance, if there is a decrease at the end of the pore 
(at ? 1) then it should be an increase at the other end of the pore (?2) and 
vtce versa. It can be concluded that pressure due to capillary forces is 
at 53 to 54 Torr. 
• Since the pressure is approaching to vapour pressure, it is so sensitive 
with the change in temperature. Although the experiment was 
conducted at !5°C, the error of the temperature is ±0.2°C This is 
sensitive enough for ? 1 and ? 2 to fluctuate. Hence, better air circulation 
should be set up in future to overcome the problem. 
8. ? 1 could not stand at pressure more than 55 Torr since the vapour pressure is 
at 58.38 Torr. Most probably at 55 Torr, some of the vapour has started to 
condense in the pores, which means that Pt is decreased to 53 Torr. 
File Initial Pressure Final Pressure 
Upstream Downstream Upstream Downstream 
Benz15d2 50.0 20.0 49.9 50.0 
Benzl5d3 i 54.8 50.2 52.7 52.8 
Benzl5d4 55.8 52.9 53 .I 53.2 
Benzl5d5 56.6 _, ' ) .) . .) 53.5 53.5 
Benzl5d6 50.4 53.7 53.3 53.4 
Benzl5d7 45.5 i 53.5 53.0 53.1 
Benzl5d8 40.1 ! 53.2 40.9 41.0 
Pressure urut ISm Torr (mrnHg) 
Table 5: Results of Adsorption of Benzene at l5°C (288 K) 
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13.1.3 Conclusion (based on observation) 
For adsorption of benzene at 1 soc_ between pressure 0 to 50 Torr, normal adsorption 




























Figure 17: Normal Adsorption Curve 
Time (s) 
For pressure more than 50 Torr, unusual behaviour of adsorption is observed. The 
















Figure !8: Unusual Adsorption Curve 
Time (s) 
unusual behaviour occurred for desorption up to pressure 45 Torr as seen on Figure 
19 
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Figure 19: Unusual Desorption Curve 



























Figure 20: Normal Desorption Curve 
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39°C (312 K l5°C (288 K) J 
Permeability PIP" Pressure (Pa) Permeabilitl pjpO I Pressure (Pa) I 
6 99x 10-lu 3 .OOx 1 o·3 66.69 
I 
140xl0"9 0.0160 12332 
I 
278x10-9 0.0280 I 662.04 I J63x10-9 0.0170 129.48 
I 3.4 ]x 10-9 0.0860 1996.87 i 3 1 8x 1 o·9 0.0850 663.35 
4.02x 1 o-9 0 1730 4015.23 3 64xl0·9 0.1710 1333.85 
4.88xl0·9 03440 8004.41 407x10-9 0.3420 2662.49 
5.30x10-9 0.4040 9390.69 4.27x 1 o·9 0.4280 3333.00 
6.12xl0·9 0.5370 12472.29 4.58xl0·9 0.5120 3986.27 
4 77x10-9 0.6000 4666.20 
4 86x 10"9 0.6840 5327.59 0 7710 5999.40 
5 03 x] o·9 
I 
0.8570 6669.25 
• "6 J0-9 ).J X 0.9390 7307.52 
' 
6.96x J0-9 i 
' 
Table 6: Overall Result of Benzene Adsorption at Vanous Temperatures 
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Figure 21: A Graph ofPermeabilit)• (B) versus Pressure (P) of Benzene 
Adsorption at Various Temperature 
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Figure 22: Adsorption of Benzene at 288 K at Low Pressure 
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Figure 24: Desorption of Benzene at 288 at High Pressure 
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Figure 25: Desorption of Benzene at 288 K at Low Pressure 
From Figure 22, it can be seen that at low pressure, there is time lag before the 
downstream pressure increases. This is because it takes a finite time for the adsorbate 
to occupy the pore channels Once the adsorbate reaches at the end of the other side of 
the cell, the downstream pressure starts to rise slowly. As the pressure increases, the 
time lag decreases until at a certain high pressure, the time lag is insignificant (Figure 
23). There are some factors that affect the finite time, which are: 
• Adsorption capacity 
• Pressure of the adsorbate 
• Length of the sample cell 
• Cross sectional area of the sample cell 
Similar thing happens for the desorption. At high pressure, the time lag at the 
beginning is so small since because the pressure has a high driving force to move 
from downstream to upstream reservoir (see Figure 24). Eventually, at low pressure, 
more time is taken for the adsorbate to be transferred along the pore channel, but the 
time lag is not as large as the adsorption one (refer to Figure 25). 
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13.3 Appendix 3 -Overall Results of Benzene and N-Hexane Adsorptions 
288K 293K 
B xi0"9 PIP' Pressure B xl0"9 PIP' Pressure 
6.13 0.009 70.10 7.73 0.010 99.50 
7.97 0.019 148.00 8.31 0.021 209.00 
7.48 0.040 311.00 8.09 0.039 388.00 
7.27 0.060 467.00 7.57 0.062 617 00 
7.26 0.081 630.00 7.45 0.080 796.00 
7.36 0.100 778.00 7.43 0 101 1010.00 
7.46 0.171 1330.00 7.66 0.200 1990.00 
7.49 0.232 1810.00 8.05 0.304 3030.00 
7.64 0.308 2400.00 8.64 0.399 3970.00 
7.81 0.341 2650.00 9.36 0.501 4990.00 
8.21 0.431 3350.00 10.10 0.602 5990.00 
9.06 0.602 4690.00 10.90 0.707 7040.00 
9.25 0.671 5220.00 11.50 0.813 8090.00 
10.20 0.773 6020.00 11.50 0.853 8490.00 
10.70 0.842 6550.00 11.00 0.901 8970.00 
10.10 0.900 7010.00 10.40 0.947 9430.00 
9.37 0.956 7440 00 
' 298 K 
B xl0"9 : PIP' Pressure 
8.21 0.004 50.40 
9.24 0.006 75.60 
9.52 0.010 126.00 
8.97 0.020 252.00 
7.97 0.053 668.00 
7.63 0.103 1300.00 
7.87 0.205 2580.00 
9.15 0.398 5020.00 
9.72 0.514 6480.00 
10.80 0.596 7510.00 




12.90 0.903 11400.00 
Table 7: Detail Results of Benzene Adsorption at Various Temperatures 
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288 K 298K 
B "!0-9 PIP' Pressure B xi0-9 PIP' Pressure 
9.80 0.022 279.97 11.30 0.010 198.260 
8.27 0.040 506.62 8.97 0.020 402.830 
7.94 0.060 759.92 8.02 0.041 814.120 
7.54 0.082 1039.90 7.72 0.064 1278.490 
7.79 0.105 1333.20 7.81 0.086 1717.710 
8.28 0.207 2639.74 8.06 0.103 2055.490 
9.41 0310 3946.27 8.84 0.196 3933.820 
10.50 0.408 5199.48 
I 
109 0302 6057 030 
11.80 0.499 6359.36 125 0.403 8076.060 
12.70 0.605 7705.90 1.44 0.508 10186.250 
13.90 0.703 8959.10 15.97 0.602 12068.490 
1530 0.806 10278.97 17.16 0.662 13271.670 
15.80 0.855 10892.24 
14.60 0.906 11545.51 
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Figure 26: A Graph of Permeability (B) Against Pressure (P) of Benzene 
Adsorption at Various Temperature 
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Figure 27: A Graph of Permeability (B) Against Reduced Pressure (P/P0 ) of 
N-Hexane Adsorption at Various Temperature 
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Figure 28: A Graph of Permeability (B) Against Pressure (P) of 
N-Hexane Adsorption at Various Temperature 
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Figure 30: Comparison between Benzene and N-Hexane Adsorption at 298 K 
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Figure 31: A Slope of Permeability against Pressure at 288 K 
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Figure 32: A Slope of Permeability against Pressure at 293 K 
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13.5 Appendix 5 -Variation of Permeability with Temperature 
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Figure 34: A Slope of Permeability against P/P0 at 298 K 
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Figure 35: A Slope of Permeability against P/P0 at 298 K 
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Figure 36: A Slope of Permeability against P/P0 at 298 K 
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13.6 Appendix 6 -Adsorption-Desorption of Benzene and N-Hexane 
Adsorption Desorption 
Permeability, Reduced Pressure, Permeability, Reduced Pressure, 
B xto·9 pjpo B x10·9 pjpo 
6.13 0.009 102 0.898 
7.97 0.019 l.l8 0.847 
7.48 0.040 9.61 0.771 
7.27 0.060 9.85 0.687 
7.26 0.081 9.45 0.595 
7.36 0.100 9.06 0.516 
7.46 0!71 8.41 0.396 
7.49 0.232 8.30 0.345 
I 7.81 0.341 7.53 0.203 
8.21 0.431 7.74 0.098 I i 
9.06 0 602 7.81 0.082 ! I 
9.25 0.671 8.05 0.061 I 10.20 0.773 8.21 0.041 




Table 9: Data Results of Benzene Adsorption-Desorption Permeability at 288 K 
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Figure 37: Adsorption-Desorption Permeability Curve of Benzene at 288 K 
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Adsorption Desorption 
Permeability, Reduced Pressure, Permeability, Reduced Pressure, 
B x10"9 pfPo B xl0-9 pfPo 
7.73 0.010 1.12 0.901 
8.31 0.021 1.14 0.850 
8.09 0.039 1.17 0.802 
7.57 0.062 I I 0 0.703 
7.45 0.080 !03 0.599 
7.43 0.101 9.58 0.494 




8.64 0.399 735 ' 0.130 
9.36 0.501 7.56 0.073 
101 0.602 7.82 0.047 





Table 10: Data Results of Benzene Adsorption-Desorption Permeability at 293 K 
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Figure 38: Adsorption-Desorption Permeability Curve of Benzene at 293 K 
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Adsorption DesorJJ_tion 
Permeability, Reduced Pressure, Permeability, Reduced Pressure, 
B xl0-9 PIP' B xl0'9 ptpo 
8.21 0.004 1.44 0.916 
9.24 0.006 1.19 0.849 
9.52 0.010 1.27 0.804 
8.97 0.020 1.14 0.601 
7.97 0.053 1.03 0.510 
7.63 0.103 9.78 0.401 
7.87 0.205 8.59 0.266 
9.15 0.398 7.98 0.213 
9.72 0.514 7.68 0.103 
! 1.08 0.596 7.76 0.060 
1.25 0.799 8.83 0.021 
138 0.851 9.84 0.011 
1.29 0.903 
Table 11: Data Results of Benzene Adsorption-Desorption Permeability at 298 K 
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Figure 39: Adsorption-Desorption Permeability Curve of Benzene at 298 K 
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Adsorntion Desorption 
Permeability, Reduced Pressure, Permeability, Reduced Pressure, 
B xl0-9 p;po B xl0"9 p;po 
9.80 0.022 14.95 0.900 
8.27 0.040 1532 0.843 
7.94 0.060 15.84 0.806 
7.54 0.082 13.69 0.686 
7.79 0.105 12.36 0.569 
8.28 0.207 12.26 0.497 
9.41 0310 10.66 0.399 
10.50 0.408 9.96 0.306 
11.80 0.499 7.97 0.100 
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Figure 40: Adsorption-Desorption Permeability Curve ofN-Hexane at 288 K 
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Adsorption Desorption 
Pe:-meability, Reduced Pressure, Permeability, Reduced Pressure, 
B xlo·' pjpo B xlo·' pjpo 
11.30 0.010 17.06 0.608 
8.97 0.020 14.91 0.509 
8.02 0.041 12.16 0339 
7.72 0.064 10.72 0.271 
7.81 0.086 9.89 0.208 
8.06 0.103 8.28 0.105 
8.84 0.196 7.77 0.084 
109 0.302 i 7.78 0.061 I I 
125 0.403 7.99 I 0.045 
1.44 0.508 106 I 0.011 
15.97 0.602 
17.16 0.662 
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13.7 Appendix 7 -Benzene Isotherm 
6 i i I i I ' i I I ' 
' ' 
I I 
i '.I : I I I I ! I ll 
' I I I I ' I I I I ' 
I I j .. ' I I ' I ! I ' 
' 
i I I ..-':" 
' I I I I : i I : I i i i ' I -r ' 
I 
55 i i I ; i 
' 
i i ' ! i i J I ' ' 
! ' I I ! I i I i I 
! I I : ! I I 
' 




' i i ' I I i ' 
' .r ;:;.r- ' I i E 
: .JO' I i I I 
.E. : ' 
i I '? . I ' ' I 4.5 i I u : i i i ,_l I , I I I : I s i I I I 
' 










' J I I 
' ' 
' 
: i ! I i 
0 ! ' I i I i I i ' • ' I i E 
'J . I . I ' I i I 
' 




4 ' I 
' ! I ' ' : I ' I I j I ! , I I ! I I ! I I : I i 
' 
I 
' I I I i 
' 
I I I I I 
' 
I . i ! I ' 
' 
' I . : I i I 




I i b= 3.5 i ' ' i I I I , I I i -+-303 K I ' 
' 
I : ' i ' I i I I r+-: 
' I 
' I I I I I ' 
' 
I I i 1--+-313 K 
' ' 




I ' ' ! ' 
' 
I I I i .' I i I I I I : I i 3 
0 0 1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1 
Reduced Pressure 
Figure 42: Benzene Isotherm at Various Temperatures 
Sunatl Sufian Chemical Engmeering Department, The University of Queensland 47 
EJ898 Pcnneahilitv of adsorhable Benzene and N-Hcxane through Activated Carbon 
13.8 Appendix 8 -Amount Adsorbed 
I 288 K 
Amount Adsorbed, Permeability, Reduced Pressure, B/C~ 
c~· B x10"9 pjpo X J0"9 
330 6 13 0.009 1.86 
4.20 7.97 0.019 1.90 
4.65 7.48 0.040 1.61 
4.80 7.27 0.060 1.51 
4.89 7.26 0.081 1.48 
4.95 7.36 0.100 1.49 
5.09 7.46 0.171 1.47 
5.16 7.49 0.232 1.45 
5.24 7.64 0.308 1.46 
5.26 I 7.81 ' 0.341 1.48 
' 
5.31 I 8.21 I 0.431 1.55 
5.40 9 06 : 0.602 1.68 
5.44 9.25 I 0.671 1.70 
5.49 10.2 0.773 1.86 
5.55 10.7 0.842 1.93 
5.60 10.1 0.900 1.80 
5.73 9.37 0.956 I 1.64 
predtcted 
Table 14: Data Results of Permeability/Amount Adsorbed of Benzene at 288 K. 
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Figure 43: A Graph ofB/C~ against P/P0 of Benzene at 288 K 
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293K 
Amount Adsorbed, Permeability, Reduced Pressure, B/C~ 
Cu# B x 1 o·9 P/Po X 10"9 
3.70 7.73 I 0.010 2 09 I 
4.17 8 31 ! 0.021 1.99 
4.50 8.09 0.039 1.80 
4.77 7.57 0.062 1.59 
4.84 7.45 0.080 1.54 
4.90 7.43 0.101 1.52 
5.09 7.66 0.200 1.50 
5.18 8.05 0.304 1.55 
5.24 8.64 0399 1.65 
5.31 9.36 0.501 ' 1.76 
5.36 I 1.01 0.602 1.88 
5.40 I 0.9 0.707 2.02 
5.47 11.5 0.813 2.10 
5.50 11.5 0.853 2.09 
5.55 11.0 0.901 1.98 
5.65 I 0.4 0.947 1.84 
-.-
estimated 
Table 15: Data Results of Permeability/Amount Adsorbed of Benzene at 293 K. 
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Figure 44: A Graph ofB/C~ against P/P0 of Benzene at 293 K 
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298K 
Amount Adsorbed, Permeability, Reduced Pressure, B/C~ 
c"· B x 1 o-
9 ptpo x 1 o·9 
3.00 8.21 0.004 2.74 
3.20 9.24 0.006 2.89 
3.58 9.52 0.010 2.66 
4.05 8.97 0.020 2.21 
4.60 7.97 0.053 1.73 
4.85 7.63 0.103 1.57 
5.05 7.87 0.205 1.56 
5.20 9.15 0.398 1.76 
5.26 9.72 0.514 185 
5.31 ' I 0.8 0.596 2.03 
5.43 12.5 0.799 2.30 
5.47 13.8 0.851 2.52 
5.52 12.9 0.903 2.34 
predtcted 




c: 2.66-09 :::r 
0 
E 't! 2.4E-09 
<( G> 
:;..c 2.2E-09 .... ... 
·- 0 :-:: Ill 
..C-c 2.0E-09 IU <( 
G> 




I> I I 
i 










I 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Reduced Pressure 
Figure 45: A Graph ofB/C11 against P/P0 of Benzene at 298 K 
Suriati Sutian Ch(!lllJlai L11gmecrmg Department. The Unlversit}' of Queensiand 50 
Study of Permeation of Benzene and Helium 
Through Porous Activated Carbon 




Professor Duong Do 
Department of Chemical Engineering 
The University of Queensland 
24July 2001 
CHEE7307. CHEE7309 Studv of Permeation of Benzene and Helium Through Porous Activated Carbon 
TABLE OF CONTENTS 
1. ABSTRACT .................................................................................................................................. 1 
2. INTRODUCTION ......................................................................................................................... 1 
3. OBJECTIVES ............................................................................................................................... 2 
4. THEORY AND CALCULATION ................................................................................................ 3 
4. PROCEDURE ............................................................................................................................... 7 
4.1 TODETERM!NEHEUUMPERMEABIUTY THROUGH CLEAN POROUS ............................................... 7 
4.2 To DETERMINE HEUUM PERMEABILITY THROUGH LOADED ACTIVATED CARBON .......................... 7 
5. EXPERIMENTAL AND THEORETICAL RESULTS AND DISCUSSION .......... - ............. _. 8 
5.2 COMPARISON OF HEUUM PERMEABILITY IN TilE ABsENCE AND PRESENCE OF BENZENE ................ 9 
5.3 COMPARISON BETWEEN PRACTICAL A>'ID THEORETICAL REsULTS OF HELIUM PERMEABILITY 
THROUGHAoSORBEDBENZENE .......................................................................................................... 10 
6. CONCLUSION ............................................................................... : ........................................... 17 
7. DIFFICULTIES AND RECOMMENDATIONS ....................................................................... 17 
8. REFERENCES ............................................................................................................................ 18 
9. NOMENCLATURE .................................................................................................................... 20 
10. APPENDIX I ............................................................................................................................... 21 
10.1 OBJECTIVE ........................................................................................................................... 21 
10.2 PROCEDURE .......................................................................................................................... 21 
10.3 RESULTS ............................................................................................................................... 21 
Part ] ............................................................................................................................................ 21 
Part 2 ............................................................................................................................................ 23 
Part 3 ............................................................................................................................................ 25 
Part 4 ............................................................................................................................................ 27 
10.4 DISCUSSION OF PART 3 .......................................................................................................... 28 
10.5 fua>LANANTION OF PART 3 .................................................................................................... 29 
11. APPENDIX II .. _ ........ - ............................................ - ... - ... ----·--·-·-··-··-----.. ·········-· 30 
11.1 PROCEDURE .......................................................................................................................... 30 
11.2 RESULTS ............................................................................................................................... 31 
11.3 DISCUSSION .......................................................................................................................... 32 
11.4 RECOMMENDATION ............................................................................................................... 32 
12. APPENDIX ffi ................................................. - ........................................................................ 33 
13. APPENDIX IV ....................... - .................................................................................................. 34 
14. APPENDIX V .............................................................................................................................. 34 
15. APPEND IX VL .. - .• - ......... _ ................................. - ... - ...... _ ....... -·-·-·---·--............... 35 
16. APPENDIX VII_ ............................................... __ .......... _ .......... - .......... - ........................... 35 
Suriati Sutian University of Queensland 
CHEE7307, CHEE7309 Studv of Permeation of Benzene and Helium Through Porous Activated Carbon 
LIST OF FIGURES 
FIGURE 1: A SCHEMATIC DIAGRAM OF PERMEATION APPARATUS,,,,, ,,,, .... ,,,,,,,,,,,,,,,,,,,, 8 
FIGURE 2: PERMEABILITY OF HELIUM AGAINST PRESSURE AT 274.1 K .. ,,,, .. ,,,,,,,,, .,.,,,, ... ,,,,,,,. 9 
FIGURE 3: HELIUM PERMEATION AT 2 TORR IN THE ABSENCE A.'lD PRESENCE OF BENZENE .. ,,,,,,,,, ... , ... 9 
FIGURE 4: PERMEABILITY OF HELIUM AT 2 TORR AGAINST BENZENE PRESSURE,,,.,, .. ,,,,,,,,.,,.,,. 12 
FIGURE 5: PERMEABILITY OF HELIUM AT 5 TORR AGAINSTBENZENEPRESSURE,,,, .... ,,, .. , ........ ,,., ... 12 
FIGURE 6: PERMEABILITY OF HELIUM AT 8 TORR AGAINST BENZENEPRESSURE ..... , .... , .. ,, ..................... 13 
FIGURE 7: THEORETICAL RESULTS OF HELIUM PERMEABILITY AT DIFFERENT PRESSURE VERSUS BENZENE 
PRESSURE ......................... , ...................................................... , ................................................... 13 
FIGURE 8: ExPERIMENTAL RESULTS OF HELIUM PERMEABILITY AT DIFFERENT PRESSURE AGAINST BENZENE 
PRESSURE ..................................................................... ,, .• , ..................... , ....... ' ........ ,, .... , .... ''' .. ,' 14 
FIGURE 9: PERMEABILITY OF HELIUM AT 2 TORR AGAINST BENZENE LOADING,,, ... ,,,,,,,,,,,,... 15 
FIGURE 10: PERMEABILITY OF HELIUM AT 5 TORR AGAINST BENZENE LOADING,, .. ,., ... , .. , .. ,,.,, ..... ,, 15 
FIGURE 11: PERMEABILITY OF HELIUM AT 8 TORR AGAINST BENZENE LOADING,,,,,,,,,,.,,,,,.,,, .. 15 
FIGURE 12: THEORETICAL RESULTS OF HELIUM PERMEABILITY AT DIFFERENT PRESSURE VERSUS BENZENE 
LOADING ... , ..... , ...... , ... , .... ,., ... , ..... , ....... , .... , ........ , ..... ,, .. , ................ , ........... ,....................... 16 
FIGURE !3: Tim COMBINATION OF PERMEABILITY VERSUS PfP" AND LOAD!NGVERSUS PERMEABILITY (A) 
RESULTS IN A LINEAR GRAPH (B), ..... ,,,, .. ,, ................... , ......... ,., ...................... ,, .. ,,, .. ,,. .. ,, 16 
FIGURE 14: THE VALVES SHOULD BE PLACED NEAR TO THE SAMPLE, .................................................. , .... 17 
FIGURE 15: THE RESULTSHOWSTHATNITROGEN PERMEABILITY INCREASE WID! BENZENE ........................ 22 
FIGURE 16: NITROGEN PERMEABIUTY INCREASE WITH BENZENE IN PART 2 EXPERIMENT ........................... 25 
FiGURE 17: PERMEATION OF NITROGEN THROUGH ADSORBED MOLECULES OF BENZENE IN PART 3 
EXPERIMENT: CURVE A roD ............... , ........................................ , ............... , ............ , ............... 25 
FIGURE 18: PERMEATION OF NITROGEN THROUGH ADSORBED MOLECULES OF BENZENE IN PART 3 
EXPERIMENT: CURVED TO G """'""""""""." ... """"'" """" """"" """""""""'' ""'""""" .. "'"."" 26 
FIGURE 19: PERMEATION OF NITROGEN THROUGH ADSORBED MOLECULES OF BENZENE INP ART 3 
EXPERIMENT: CURVE G TO J... .. ,, .... ,,,,,". , ... """"""'"""""""" """""""""" """"""" ............. 26 
FIGURE 20: PERMEATION OF NITROGEN THROUGH ADSORBED MOLECULES OF BENZENE IN PART 3 
EXPERIMENT: CURVE J TON ...... ,, .. ,.,,, .. , .. ,,,.,,,, .............. ,,, .. , .... ,,,, ............. ,, .... , ...... 27 
FIGURE 21: COMPARISON AMONG HELIUM PERMEATION CURVES (0 TO X) AT DIFFERENT PRESSURE 
LOADING OF BENZENE .................................................................................................................... 28 
FIGURE 22: PRESSURE AGAINST TiME CURVES OF BENZENE AND NITROGEN .................... ,, ................ , .... 28 
FIGURE 23: THERESULTOFCOMBINATIONOFBENZENE AND NITROGEN CURVES ............ , ........................ 28 
FIGURE 24: A CONDENSATION OF BENZENE AT THE MICRO PORE AND BENZENE EVAPORATES AT THE OTHER 
END WlnLE NITROGEN RUNS THROUGH THE BIGGER PORES ............... , .................... , ........................ 29 
FiGURE 25: PERMEATION OF NITROGEN A THIGH PRESSURE .. ,,, ...... ,, .. ,, .. ,, .. ,,,, ..... , .. , ... ,.,,, ..... , 29 
FIGURE 26: NITROGEN PUSHED THE CONDENSATE BENZENE CAUSING AN EVAPORATION AT THE OTHER END30 
FIGURE 27: A GRAPH OF HELIUM PERMEABILITY AT 0.1 TORR AGAINST BENZENE ADSORBED ............. , ,. 3 2 
FIGURE 27: PORE SIZE DISTRIBUTION FOR ACTIVATED CARBON ...... ,,,,.,, .. , .... ,,,,.,,,,,, ... ,,,, .. , 34 
FIGURE 28: PORE SIZE DISTRIBUTION TG DETERMINE MACROPORE SIZE .................................................... 34 
FIGURE 29: DISTRIBUTION OF MJCROPORE SIZE ..................... , ................................................................. 35 
FIGURE 30: BENZENE ISOTHERM AT 20 AND 30°C .................................................................................... 35 
LIST OF TABLES 
TABLE 1: CLASSIFICATION OF PORE SiZE ................................................................................................... 3 
TABLE 2: SOME PHYSICAL PROPERTIES NEEDED FOR THE CALCULATION ..................................................... 6 
TABLE 2: HELIUM PERMEABIUTY THROUGH CLEAN POROUS ...................................................................... 8 
TABLE 4: PERMEABILITY OF HELIUM AT 2 TORR THROUGH ADSORBED MOLECULES OF BENZENE .... , ..... , .. I 0 
TABLE 5: PERMEABILITY OF HELIUM AT 5 ToRR THROUGH ADSORBED MOLECULES OF BENZENE ............... II 
TABLE 6: PERMEABIUTY OF HELIUM AT 8 ToRR THROUGH ADSORBED MOLECULES OF BENZENE ............... 11 
TABLE 7: AMOUNT OF BENZENE AND NITROGEN ADDED IN PART l EXPERIMENT .................... , ........... , .... 22 
TABLE 8: AMOUNT OF BENZENE AND NITROGEN ADDED IN PART2 EXPERIMENT ....................................... 23 
TABLE9:HELIUMPERMEABILITYAT0.l TORR .. , .................................................................................... 31 
Suriati Sufian University of Queensland 
11 
CHEE7307, CHEE7309 Studv of Permeation of Benzene and Helium Throug.l:l Porous Activated Carbon 
1. Abstract 
A study of dependency of pore volume permeability on the amount adsorbed in a porous 
particle has yet been discussed in the literature so far. Therefore in this report, pore 
volume permeability is evaluated theoretically by taking into account pore blockage by 
the adsorbed molecules. These theoretical results are then compared with the 
experimental results. The experiment is done by conducting helium permeation through 
the pores of activated carbon pre-loaded with benzene. The pre-loaded activated carrbon 
is frozen with ice so that the benzene molecules would firmly attach on the carbon 
surface. From the result it is observed that the trend of helium permeation curve in 
experiment agrees with the theoretical. This shows that it is essential to consider the 
degree of pore blockage in calculating the pore volume permeability. 
2. Introduction 
It is well understood that total permeability is contributed by three kinetic parameters: 
pore diffusivity, viscous flow parameter and surface diffusivity The latter is a function of 
loading. However, constant pore diffusivity can only be applied provided that there is no 
pore blockage resulted from gas or vapour molecules adsorbed into pores. In reality, this 
is unlikely to happen because the presence of adsorbed molecules may reduce the gas 
phase flow8. 
Reasonably, pore volume permeability can be estimated by taken into account the 
reduction of the available pore space. This can be done by conducting a permeation 
experiment of non-adsorbing gas through activated carbon sample in the presence of 
adsorbed molecules such as benzene. 
In the preliminary experiments, nitro'gen was introduced as a non-adsorbing gas. But 
since it produced unusual result (detail report can be referred to Appendix I) and also 
nitrogen is believed to be partly adsorbed, helium gas is used instead. Besides having 
smaller molecules, helium is selected because its adsorption in activated carbon is low at 
very low temperature. Such fact has been reported by Ash1 stating that between 
temperature 300 to -195°C, no measurable surface flux of helium can be detected. In 
addition, due to its molecular diameter, helium can pass through a very fine pore in 
activated carbon. 
Suriati Sufian University of Queensland 
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The second experiment was carefully conducted using helium but the results are more or 
less similar to those observed for nitrogen. As explained in Appendix I, this is probably 
due to the competition between helium gas and benzene vapour in diffusing through the 
pores. To overcome such problem, benzene molecules in the pores should be firmly 
attached to the carbon surface by freezing the sample using ice at 0.4°C. 
Freezing point of benzene in a bulk of liquid is about 5 .5°C In general, the freezing point 
of particular bulk liquid is not the same as that for adsorbed molecules residing in the 
pores. Depending on the strength of the attractive pore potential energy from pore walls, 
fluid in a pore shows either elevation or depression in freezing point. Miyahara6 has 
pointed out that for strongly attracting wall such as carbon, the 'excess' strength of the 
attractive force between the fluid molecules and the pore walls would result in an 
elevated freezing point. Therefore the use of ice at 0.4°C to freeze the sample is 
sufficient enough to hold the benzene molecules on the carbon surface. 
In preliminary experiments, the permeation of helium was carried out after the sample 
had been loaded with benzene. Once helium permeation run had been completed, more 
benzene was added to increase the benzene loading. Next, another run of helium 
permeation is carried out. This process is repeated until the benzene pressure is close to 
its vapour pressure Despite of the variation of benzene loading, the result of helium 
permeation did not change much as expected (see Appendix II for detailed report). As a 
result, another method of determining helium permeability through adsorbed molecules 
has been carried out and this would be explained in Section 4. 
3. Objectives 
The aims of the experimental report are to investigate the permeability of helium at 274.1 
K through a sample of activated carbon (Ajax) that is pre-loaded with benzene and to 
determine the degree of pore blockage as a function ofloading. 
Suriati Suiian University of Queensiand 
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4. Theory and Calculation 
The pore volume permeability, Bp for non-adsorbing gases, which is resulted from the 
combination of Knudsen permeability (Bk) and viscous flow permeability (Bv), is given 
by the following equation: 
D BP B =&-P-+e-"- (1) 
p RgT J.!RgT 
e = porosity 
Dp = pore diffusivity 
Rg = gas constant 
T = temperature 
Bo = viscous flow parameter 
p = pressure 
J.l = viscosity 
From experiment, by plotting a linear graph of Bp versus P, Dp and Bo can be determined 
from they-axis and the gradient respectively. 
In theory, Bk and Bv can be estimated by: 
B _ e 8 r 
<- "• 3 ~ZlMWRgT and 
n = tortuosity factor ofKnudsen flow= 4.9 
-.. = tortuosity factor of viscous flow = 4. 9 
r = half width of pore size 
r is varied depending on the pore size distribution of activated carbon (see Appendices 
IV, V and VI), Hence, r for each different type of pore size is determined and the result is 
as follow: 





·refer to Appendix VI 
Suriati Sufian 
r (m) Porosityj 
6.74x10'10 0.312 
2.79x 10'9 0.088 i 
0.55x 106 I 0.310 
Table 1: Classification of Pore SIZe 
I 
Volume Fraction 
a1 = 0.4394 
a2 = 0.1239 
a3 = 0.4366 
University of Queensland 
3 
i 
CHEE7307. CHEE7309 Studv of Permeation of Benzene and Helium Throu!!h Porous Activated Carbon 
This means that Bt can be expressed as: 
B _ & 8 'i E 8 r2 . & 8 r3 , - a 1 +a, -r a3 (2) 
r, 3 ~211fv!WR,T r, 3 ~211MWR,T r, 3 ~211fv!WR,T 
or (3) 
This method of calculation is acceptable provided that no molecules block or hinder the 
gas phase flow. However, if there is any pore blockage particularly at high pressure, the 
above equations are no longer valid because & and r would be varied with loading. Thus, 
the equations become: 
e* 8 r* B,= 
r, 3 ~2n:MWR•T (4) 
(5) 
A correction factor has been introduced to estimate E* and r* as it is necessary to 
consider the random of reduction of the available space. 
Void volume occupied by adsorbed molecule per unit mass of adsorbent is given as: 










Compressibility factor= 0.2696 for benzene 
1+(1-TJ2t7 
(6) 
Initially, void volume per unit mass can also be determined from: 
Ve & (7) -= p,(l-E) m 
v = volume of adsorbent 
m = mass of adsorbent 
p, = solid density of adsorbent 
By equating Equation 6 and 7, fraction of void volume occupied by the adsorbate is: 
Suriati Sufian University of Queensland 
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v salq ( ) 1- 6 
--p 1-e =--v C E s 8 .u:tp. (S) 
C'" = concentration of adsorbate 
Therefore fraction of remaining free volume is determined as: 
1-e 
<1)=1--v C 
6 sot '" 
(9) 
By assuming that the pore space as an ensemble of n parallel capillaries of radius r and 
length L, the total free void volume after adsorption is: 
(10) 
Since the remaining pore has a cylindrical shape, the Equation 10 turns out to be: 
(I l) 
Solving Equation 11 results in: 
(12) 
r* [ (l-8) ]~ Rearrange the equation gives -; = 1- -
8
- v ,.,C'" (13) 
Thus, Bk and Bv of non-adsorbing gas in the presence of adsorbed molecules becomes: 
(14) 
By considering the three mean pore sizes, the Equation 14 becomes 
& 8 1 [ (1- 8J ]~ B.= ~ 1- -- v,"'C'" (a,r, +a2r2 +a,r,) (15) 
r, 3 211MWR T 8 g 
B =..:_ B.P [1-(1-eJv C ] 
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Some physical properties for selected adsorbent, adsorbate and non-adsorbing gas are 
listed as below: 
Component Properties/Parameter j Value Unit 
Particle diameter, d l.588xl0'3 m 
Total porosity, E 1 o.7r 
Solid density, p, 2200 kg/rn" 
Particle length, L 12x10·3 m 
Adsorbent: I 
Particle mass, m 7.8xl0-6 kg 
Activated Carbon 
Mean rnicropore radiusu 6.74xl0'10 m (Ajax type 976) 
Mean rnesopore radius11 2.79xro·9 m 
Mean rnacropore radius11 0.55xl0-6 m 
Initial void volume l.l!x10'3 rn3/kg 
Critical Temperature, Tc 562.1 K 
Critical Pressure, P c · 4.88xl06 Pa 
Operated Temperature, T 298 K 






Liquid Molar Volume at 298 K, Vzat 8.977x I o·5 m'lmol 
Benzene Molecular weight, MWsz 78.1134 g/mol 
Freezing point, Tr 1278.5 K 
Liquid density at 298 K, PB 878.6 kg!m' 
Vapour Pressure at 298 K, P" 12601 Pa 
Viscosity at 298 K, J.lBz 8.640xl04 Pa.s 
Average temperature, Tave I 274.1 K 
Non-adsorbing 
Molecular weight, MWH• 4.0026 g/mol 
Gas: Helium 
Viscosity at 274.1 K, f.JH• i 2.32x 10'5 Pa.s 
I 
I 
Table 2: Some Physical Properties needed for the calculation 
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4. Procedure 
The experiment is divided into two parts: 
4.1 To determine Helium Permeability through Clean Porous 
The experimental apparatus set up can be seen in Figure 1. It consists of two reservoirs 
separated by the porous medium. Before running the helium through the porous medium, 
the sample was cleaned at temperature of 90°C and all the valves (valves A and B 
remained close) are opened so that no traces of adsorbate left trap in the pores or along 
the fitting lines. After leaving the system for one night, the sample was isolated by 
closing the valves C and D. Then the sample was frozen with ice at 0.4°C. This was 
followed by injecting the helium gas into the upstream reservoir at 0.97 Torr. When the 
temperature of the system was already stable, valve C was opened to let the helium gas 
from the upstream reservoir flow through the sample. Once the downstream pressure had 
reached equilibrium with the upstream pressure, valve C was closed and more helium 
was added to the upstream reservoir. The same procedure was repeated until the helium 
pressure was about 90 Torr. 
4.2 To determine Helium Permeability through Loaded Activated Carbon 
Initially the clean system was set at 25°C and about 0.016 Torr of benzene was injected 
into the upstream reservoir. Then valve C was opened to let the benzene vapour 
permeating through the porous sample. Once the adsorption reached equilibrium, the 
sample was isolated by closing the valves C and D simultaneously. Other valves are left 
opened (except valves A and B) and benzene vapour was pumped out from the system. 
Meanwhile, the sample was frozen at 0.4°C to allow the adsorbed benzene molecules to 
freeze in the pores of activated carbon. After that, the upstream reservoir was filled with 
helium gas at 5 Torr before passing the gas through the sample. During the experiment, 
the temperature of the ice varied from 0.4 to 2.6°C, therefore the average of the 
temperature for calculation was taken to be 1.1 oc (274.1 K). As soon as it reached 
equilibrium, the system was cleaned for two hours to evacuate helium gas and benzene 
molecules, which were occluded in the pores. When the system had been cleaned, the 
temperature was set at 25°C. Then, benzene was added into the upstream reservoir with a 
pressure higher than before i.e. more than 0.016 Torr. Again, as soon as the adsorption of 
Suriati Sufian University of Queensland 
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benzene had reached equilibrium, the sample was frozen and helium was added at 5 Torr 
after pumping out benzene vapour from upstream and downstream reservoirs. The 
process is repeated for several benzene loadings. Helium pressure was remained at 5 Torr 
throughout the experiment. 



















' __ j 
S>mple 
Figure I: A Schematic Diagram of Permeation Apparatus 
5. Experimental and Theoretical Results and Discussion 
5.1 Permeation of Helium Through Oean Porous Media. 
Table 2 shows the results of permeability ofHelium through a clean porous at 274.1 K 
Suriati Sufian 
Pressure Permeability 
Torr Pa (moi/Pa.m.s) 
0.0972 12.959 2.68x10.s 
19.9902 2665.094 .g 2.88x10 
i 
2.99x 10"8 30.0684 4008.719 
49.9511 6659.481 3.18x10"8 
70.1514 9352.585 3.42xiO.g 
89.9365 11990.334 3.68x10.s 
Table 2: Helium Permeability through Oean Porous 
University of Queensland 
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Figure 2: Permeability of Helium against Pressure at 274.1 K. 
By referring to Figure 2, a linear behaviour of helium permeability as a function of 
pressure is observed. The intercept at they-axis describes the characteristic of Knudsen 
diffusion in which the value of Bt is estimated to be 2.657x 10"8 mol/Pa.m.s. The slope of 
the graph represents the Bv value that is about 8.316xl0-13 mol/Pa.m.s. By applying 
Equation 1, Dp and Bo are found to be 8.528xl0'5 m2/s and 6. 193xl0"14 mol/Pa.m.s 
respectively. 
5.2 Comparison of Helium Permeability in the Absence and Presence of 
Benzene. 
Below is an example of trend of curve of helium permeability in the absence and 
presence of adsorbed molecules. 
~~- in the absence of berur:ene 
· • -o- ·- in the pm;~~nce ot benZttn• (0.0159 Tccr~ i ~ in teh presenca otberwtne (0.0631 Torr) 
~·1_~--~--~~==~~==~====~ 
1 000 2000 3000 4000 5000 6000 7000 8000 9000 
Time (s) 
Figure 3: Helium Permeation at 2 Torr in the absence and presence of benzene. 
Suriati Sufian University of Queensland 
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Figure 3 verifies how the presence of benzene molecules in the pore network hindered 
the helium flow. This can be seen by the increase in time scale of the permeation plot of 
pressure against time. The more benzene molecules occupied in the pores, the more time 
is needed for helium permeation. 
5.3 Comparison between Practical and Theoretical Results of Helium 
Permeability through Adsorbed Benzene. 
Below is a comparison between experimental and theoretical results of helium 
permeability at 2 Torr through the adsorbed molecules of benzene: 
Benzene Adsorbed Permeability of Helium at 2 Torr 
( mol/Pa.m.s) 
Pressure (Pa) Loading( mmol/g)' Practical Theoretical 
0 0 2.680xl0'8 1.233xl0'8 
2.120 0.50 1.647xl0-8 1.204xl0·8 
8.412 1.95 1.424xl0-8 l.ll9xl0-8 
36.276 2.80 1022xl0-8 1.071xl0-8 
130.654 3.70 9.769xl0"9 1.020x 10-8 
refer to Appendix VII 
Table 4: Permeability ofHelium at 2 Torr through adsorbed molecules of benzene. 
There are only 4 points of helium permeability can be collected because the helium 
pressure of 2 Torr could not overcome the higher pressure of benzene being loaded into 
the pores. This is probably due to the sublimation of benzene occurs in the pores. Thus, 
the permeation is not only helium but also benzene. 
It can be seen that the theoretical results are not exactly similar with the experimental 
results. This is probably due to the complication of pore network connectivity that could 
not be resolved in theory. Moreover, not all helium molecules passed through the same 
pore channels as the adsorbate did. Detailed results in detennining the theoretical values 
of helium permeability can be referred to Appendix ill. Below are the results of helium 
permeability at 5 and 8 Torr. 
Suriati Su:fian University of Queensland 
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Benzene Adsorbed Permeability of Helium at 5 Torr 
(moi/Pa.m.s) 
Pressure (Pa) Loading(mmol/g) Practical Theoretical 
0 0 2.720x10"8 l.240x10"8 
2.120 0.50 I 2.035x10"
8 1.210xlO..g 
24.958 2.60 I l. 030x 1 0'8 l.088x 1 0'8 
36.276 2.85 l.019x1o·8 l.074x10..g 
130.840 3.70 9.746xlo·9 1.026x1o·9 
436.770 4.47 8.490x1o·9 9.829x10"9 
1323.428 4.90 4.01lx10.9 9.592xl0·9 
2666.400 5.10 2.807xlo·9 9.483x1o·9 
.. . Table 5: Permeab1hty ofHehum at 5 Torr through adsorbed molecules of Benzene 
Benzene Adsorbed Permeability of Helium at 8 Torr 
(moi!Pa.m.s} 
Pressure (Pa) Loading(mmol/g) Practical Theoretical 
0.000 0 2.750x10-8 1.247xl0-8 
2.120 0.55 2.194x10-8 l.214xlo·8 
7.599 1.90 1.78lxl0.8 1.135x10.s 
8.412 1.95 1.718xl0"8 l.I32x 10"8 
36.276 2.85 l.649x 10·8 l.080x 10"8 
129.934 3.65 9.256xlo·9 l.035E-08 
661.387 4.67 8.020xl0"9 9.776xl0"9 
1320.175 4.92 4.724xl0-9 9.639xlo·9 
2667.707 5.10 2.804xlo·9 9.540xlo·9 
. Table 6: Permeability of Helmm at 8 Torr through adsorbed molecules of Benzene 
The experimental results for helium permeability against pressure and loading of benzene 
can be seen in Figure 4 to 6. 
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Figure 4: Permeability of Helium at 2 Torr against Benzene Pressure 
The change in helium permeability (at 2 Torr) with pressure of benzene can be seen in 
Figure 4. The graph shows the permeability drops drastically at the very beginning of 
low pressure up to 200 Pa (P/P0 = 0.016). This is because the majority area of carbon 
surface is developed from micropores. At low pressure, only micropores are filled by the 
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Figure 5: Permeability of Helium at 5 Torr against Benzene Pressure 
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Figure 6: Permeability of Helium at 8 Torr against Benzene Pressure 
The theoretical result of helium permeability at different temperatures is shown in Figure 
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Figure 7: Theoretical results of Helium Permeability at different pressure versus 
Benzene Pressure 
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Figure 8: Experimental Results of Helium Permeability at different pressure against 
Benzene Pressure 
It is observed that permeability of helium at 8 Torr is slightly greater than that of 5 Torr 
In filet, there is a few points of permeability at 5 Torr that is greater than that of 8 Torr. 
This could be due to inconsistency in temperature because at low pressure, any slight 
changes in temperature would affect the result. In addition, the pressure difference among 
2, 5 and 8 Torr is small that the changes in permeability can be hardly detected. Similar 
result shows that the points of helium permeation of2 Torr coincide with the 5 Torr. 
Plotting a graph of helium permeability versus loading (mmol/g) results in gradual 
decrease in permeability along the loading (refer to Figures 9 to 11 ). Theoretically, a 
linear graph with a negative slope is produced (see Figure 12). It is believed that this 
results from the combination of loading against pressure graph and permeability versus 
pressure graph. (see Figure 13). 
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Figure 11: Permeability of Helium at 8 Torr against Benzene Loading 
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Figure 13: The Combination of Permeability versus pjp• and Loadingversus 
Permeability (A) results in a linear graph (B). 
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6. Conclusion 
It can be concluded that the reduction of pore space due to pore blockage should be taken 
into account when calculating the pore volume permeability. 
7. Difficulties and Recommendations 
1. The major contribution of error in the experiment is believed to be the traces of 
benzene molecules left in the line (see first diagram of Figure 14) when the 
sample is isolated by closing the two valves and later is frozen with the crystal 
ice. Even though volume occupied by benzene (between the sample and the 
valve) is so small compare with the upstream reservoir, but when conducting a 
benzene loading at high pressure (much higher than helium pressure) this traces of 
benzene can not be neglected. Thus, the valve should be placed right near to the 
sample (refer to the second diagram). 
Suriati Sufian 
Traces of adsorbate left in these 
lines can only be neglected if 
the pressure inside here is small 
compare with helium pressure 
Sample 
The new position of the valves 
would result in less amount of 
adsorbate traces left in the lines. 
~, ,-i 
I \1 l 
A'---
1/ \ I 
!' '1 
Figure 14: The valves should be placed near to the sample 
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2. The temperature of the helium permeation is not constant (varied from 0 4 to 
2.6°C). This is because the lowest temperature of the fridge that can be reached is 
about 5°C. Hence, dry ice should be used to lower the temperature. 
3. Helium permeation at high pressure for example 20 and 50 Torr should be 
conducted instead of 2, 5 and 8 Torr so that the difference in helium permeability 
can be distinguished. Moreover, high pressure of helium can overcome high 
loading of benzene. 
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9. Nomenclature 
B = total permeability 
Bk = Knudsen permeability 
Bv = viscous permeability 
ell = amount adsorbed 
L = particle length 
r = pore size or half-width slit 
d = particle diameter 
Bo = viscous flow parameter 
Dp = pore diffusivity 
q = loading 
T = temperature 
po = vapour pressure 
ZRA = compressibility factor 
v = volume of adsorbent 
m = mass of adsorbent 
P. = critical pressure 
r = pore radius or slit half-width 
Rg = gas constant 
Tr = reduced temperature 
T. = critical temperature 
Tave = average temperature 
Ij = freezing temperature 
MW = molecular weight 
Vsat = liquid molar volume 
z = length characteristic 
Greek letters 
a = volume fraction 
& = porosity 
7: = tortuosity 
f.J = viscosity 
Ps = solid density 




























University of Queensland 
20 
CHEE7307. CHEE7309 Studv of Permeation of Benzene and Helium Through Porous Activated Carbon 
10. Appendix I 
10.1 Objective 
The aim of the experiment is to determine the degree of the pore blockage of activated 
carbon by studying the permeation of a non-adsorbing gas flow through the particle of 
activated carbon from low pressure to pressure near to the vapor pressure. 
10.2 Procedure 
The experiment was conducted using the differential permeation at 293 K, where benzene 
as an adsorbate and nitrogen as a non-adsorbing gas. Firstly, benzene was injected into 
the upstream reservoir at about 0.5 Torr. When the temperature was stable, valve C was 
opened to allow the adsorbate diffusing through the clean porous medium (refer to 
Figure 1). Both pressures at upstream and downstream were monitored and recorded. 
When the adsorption reached equilibrium, the run was stopped by closing valve C. The 
upstream pressure was then increased with nitrogen gas. Again, the valve was opened to 
allow the nitrogen to penetrate through the porous sample cell in the presence of the 
adsorbed molecules in the pore network. Once the downstream pressure was equal to the 
upstream pressure, the valve was then closed. After that, valve B was opened to allow 
more benzene adsorbed into the particle. Later, more nitrogen was added into the system 
and then it diffused through the sample in the presence of the adsorbed benzene. The 
same procedure was repeated by increasing benzene and nitrogen alternately. 
10.3 Results 
Part 1 
As mentioned before, the first experiment was conducted by introducing benzene and 
nitrogen alternately. However, the experiment could not reach up to the vapor pressure 
due to the limitation in measuring the pressure for value more than 100 Torr. 
The result shows how the permeation curve [(P,- Po)I(Peq -Po) versus time] varies with 
pressure ofbenzene. From Figure 15 it can be seen that as the benzene pressure loaded in 
the sample increases from 1 to 10 Torr, nitrogen permeability decreases insignificantly. 
However, as the pressure increases, the permeability of nitrogen increases unexpectedly. 
This is in contrast with theory saying that non-adsorbing gas permeability decreases due 
to presence of benzene. Another experiment was ran by reducing the amount of nitrogen 
for each run. Details amount added for every run are as follow: 
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Pressure Added Total Total Pressure before each 
Run (Torr) Pressure* run (Torr) 
Benzene Nitrogen (Torr) Upstream Downstream 
1 0.486 - 0.486 0.4861 -
2 
-
0.517 0.517 1.0357 0.4831 
3 1.048 I - 1.534 2.0567 1.0005 
4 
-
0.997 1.514 3.0484 2.0542 
5 1.928 - 3.462 4.9805 3.0508 
6 
-
2.02 3.534 7.0005 4.9853 
7 2.032 - 5.494 9.0278 6.9996 
8 
-
1.925 5.459 10.982 9.0425 
9 4.113 - 9.607 15.066 10.982 
10 - 4.729 10.188 19.795 10.912 
ll 4.363 - 13.970 24.157 19.795 
12 
-
4.812 15.000 29.018 24.157 
13 5.08 
-
19.050 34.050 29.043 
14 
- 6.693 21.693 40.767 34.099 
15 4.518 - 23.568 45.180 40.743 
16 
-
3.053 24.746 48.314 45.261 
17 4.935 - 28.503 53.102 48.388 
18 
- 2.834 27.580 56.082 53.249 
19 7.36 
-
35.863 63.408 56.131 
20 
- 2.849 30.429 66.2921 63.442 
21 6.937 - 42.800 73.180 66.131 
22 
-
3.42 33.849 76.405 73.229 
23 8.598 - 51398 85.149 76.649 









Table 7: Amount of Benzene and Nitrogen added in Part I experiment 
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Part2 
The same procedure was repeated but less amount of nitrogen was injected so that more 
benzene could be added before the total pressure reaches I 00 Torr. 
Pressure Added Total Total Pressure before each ! 
Run (Torr) Pressure* run (Torr) 1 
Benzene Nitro2en (Torr) Upstream Downstream 
1 0.3678 - 0.3678 0.3678 0.0003 
2 
-
0.1174 0.1174 0.4709 0.3535 
3 1.0513 - 1.4191 1.5213 0.4700 
4 
-
0.3133 0.4307 1.8228 1.5095 
5 0.2687 - 1.6878 2.0958 1.8271 
6 
-
0.4787 0.9094 2.5745 2 0958 
7 0.7695 - 2.4575 3.3416 2.5721 
8 
- 0.5373 1.4467 3.8788 3.3415 
9 0.7087 
-
3.166 4.5896 3.8809 
10 
-
0.0098 1.4565 5.2418 5.2320 
11 1.5339 - 4.6999 6.7855 5.2516 
12 
-
0.6449 2.1014 7.4304 6.7855 
13 1.6316 - 6.3315 9.0620 7.4304 
14 
-
0.7133 2.8147 9.7802 9 0669 i 
15 1.3679 - 7.6994 11.1578 9.7899 
16 3.6346 6.4493 14.8119 11.1773 ! -
17 4.8062 - 12.5596 19.6678 14.8076 
18 
-
1.4168 7.8661 21.1041 19.6873 
19 7.1812 - 19.7408 28.3097 21.1285 
20 
- 1.0503 8.9164 29.3112 28.2609 
21 7.2789 - 27.0197 36.5901 29.3112 
22 
- 1.5633 10.4797 38.2023 36.6390 
23 9.3236 - 36.3433 47.5330 38.2094 
24 
-
0.9038 11.3835 48.4123 47.5085 
25 4.9829 - 41.3262 53.4929 48.5100 
26 
- 0.7328 12 1163 54.3234 I 53.5906 I 
27 7.3818 
-
48.708 61.8466 54.4648 
28 
- 0.977 !3.0933 62.8725 61.8955 
29 7.6209 - 56.3289 70.5911 62.9702 
30 
- 1.3679 14.4612 72.1544 70.7865 
31 3.8541 
-
60.183 76.2039 72.3498 
32 
- 1.4167 15.8779 78.1143 76.6976 
33 2.5403 - 62.7233 80.8989 78.3586 
34 
- 2.4913 18.3692 84.123 81.6317 
*Total pressure of benzene or rutrogen m the system (whichever that had been added at 
particular run). 
Table 8: Amount of Benzene and Nitrogen added in Part 2 experiment 
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Figure 16 shows the behaviour of nitrogen permeation through the adsorbed molecules of 
benzene. Different curve of (P,- Pa)I(P eq -P a) versus time shows the variation of benzene 
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Figure 16: Nitrogen permeability increase with benzene in Part 2 experiment 
From the result it can be seen that in general, the more benzene is adsorbed into the 
pores, the easier the nitrogen passed through the pores. 
Part3 
The next experiment was done by introducing benzene and later nitrogen as usual, but as 
soon as the nitrogen reached equilibrium, the sample was cleaned. Then, more benzene 
was added than before. However, the pressure of nitrogen at 0.1 Torr was unchanged, 
regardless of how much benzene adsorbed into the sample. The result of the curves at 
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Figure 17: Permeation of Nitrogen through adsorbed molecules of benzene in Part 3 
experiment: Curve A to D 
Figure 17 shows that initially when the nitrogen is ran through the clean sample, the 
adsorption curve is smooth (curve A). For benzene pressure 0.15 and 0.46 Torr, each 
curve exhibits almost the same trend as curve A although some benzene has already 
occupied in the pores. However, it seems that at this stage, benzene molecules that 
occupied in the pores do not affect the permeation of nitrogen. However, at 0.83 Torr 
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curve D starts to behave a bit different for the first 1 OOOs. The permeability is lower than 
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Figure 18: Permeation of Nitrogen through adsorbed molecules of benzene in Part 3 
experiment: Curve D to G 
Basically, curve E and F is in the same line for the first 1500s. Then curve E shows 
higher permeation than curve F. Both of them (E and F) exhibit higher permeation than 
curve D although initially, for 500s, their permeation curves are less than that of D. 
However, when the pressure is more than 2 Torr, there is a slight decrease in permeation 
before it increases again and reaches equilibrium. 
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Figure 19: Permeation of Nitrogen through adsorbed molecules of benzene in Part 3 
experiment: Curve G to J 
From Figure 19 it can be seen that as the pressure in increased from 2.28 to 2.52 Torr 
(curve H to I), the 'trough' is deeper and bigger. It shows that there is a great effect in 
nitrogen permeation through the sample. When more benzene adsorbed at 3.21 Torr, 
curve J shows a smooth line. It is believed that nitrogen starts to pass through the 
mesopores and not much benzene occupied in that region. 
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Figure 20: Permeation of Nitrogen through adsorbed molecules of benzene in Part 3 
experiment: Curve J to N 
Curve K and L shows the same behaviour as curve G to I The permeation decreases 
rapidly and then increases back again until it achieves equilibrium. However, curve L 
starts to develop unsmoothed line as it reaches equilibrium. Same behaviour can be seen 
in curve N; Therefore, permeability of curve M and N can not be determined. 
Part4 
Another experiment is conducted by replacing the nitrogen with helium. It produced the 
same results as before where the unusual curve starts to occur at around I Torr of 
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Figure 21: Comparison among Helium Permeation curves (0 to X) at different 
pressure loading of benzene 
10.4 Discussion of Part 3 
It is believed that the manner of permeation of benzene and nitrogen can be predicted as 
below: 
Pres sur Pressur 
Benzen 
Time L_ __________________ ~ 
Figure 22: Pressure against Time curves of Benzene and Nitrogen 
The combination of these two graphs will result in a following curve: 
L_--------------~1TnP 
Figure 23: The result of combination of Benzene and Nitrogen Curves 
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10.5 Explanantion of Part 3 
Initially, benzene vapour went through the micropores, where some been adsorbed and 
some passed through the bigger pores to the downstream. However at pressure 2 Torr 
(curve F), the curve started to decrease suddenly for about 500s and later increased 
again. The result of the curve was actually the combination of benzene and nitrogen 
curve. 
For benzene, initially it went through the pores and the downstream pressure started to 
build up. When all the micropores are filled with benzene, condensation occurred. At the 
other end of pores, evaporation took place. As a result, the pressure decreased until it 
reached stable state. For nitrogen, the downstream pressure increased with time. 
Condensatitn of C6H,; _ -;4 
J Evaporation { ""~ Pores N~o o o o o o o o o ____. N2 
~~~0~0~0--~0~0~~0--~0~0~ 
Figure 24: A condensation of benzene at the micropore and benzene evaporates at 
the other end while nitrogen runs through the bigger pores. 
It can be noticed that at higher pressure (approaching to vapour pressure), downstream 
pressure exceeds the upstream pressure. Although this is unusual trend for adsorption, but 







Figure 25: Permeation of Nitrogen at high pressure 
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When nitrogen passed through the pore network in the presence of adsorbed benzene, 
some of the molecules was pushed away. This results in evaporation at the other end of 
the pore, causing the downstream pressure higher than the upstream pressure. 
Evaporation 
Figure 26: Nitrogen pushed the condensate benzene causing an evaporation at the 
other end 
11. Appendix IT 
An experiment is conducted to investigate the permeability of helium through a sample of 
activated carbon (Ajax) that is occupied by benzene molecules. Theoretically, the more 
benzene occupied in the pores, the less permeation of helium through the sample as more 
pores are blocked by benzene molecules However, permeation of helium through the 
pores caused evaporation of benzene through the other end and resulting downstream 
pressure can be more than upstream pressure. To overcome such problem, the adsorbed 
benzene is frozen so that it stays in the pores. 
11.1 Procedure 
Once the adsorption of benzene at 25°C reached equilibrium, the sample was isolated by 
closing valve C and D (refer to Figure I) while the rest of the valves were opened. After 
that, the benzene vapours in upstream and downstream reservoirs were evacuated from 
the system. Meanwhile, the sample was frozen with ice at 0.4°C. For about half an hour, 
it was assumed that the adsorbed benzene inside the pores was frozen. Then, both valves 
C and D were opened to let the remaining vapour pressure between each valve and the 
sample escaped. When the pressure for both reservoirs were approximately 0 Torr, the 
sample was isolated. After that, helium was injected to the upstream reservoir at 0. I Torr. 
Then valve C was opened to let the helium flowed through the sample. When the system 
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reached in equilibrium, helium was evacuated from the system. Again, it was assumed 
that the adsorbed benzene was frozen inside the pores. Then, the ice was removed and the 
temperature was set to be 25°C. More benzene was then added to undergo adsorption 
After reaching equilibrium, the sample was isolated and the benzene vapour in the 
reservoirs was pumped out from the system. When the sample was already frozen, helium 
was injected (the same pressure as before) into the upstream reservoir. Later it was 
passed through the sample. This procedure was repeated by increasing the benzene 






Loading Total Pressure Relative Helium Permeability 
(mmolli!) IT orr) Pressure (moi/Pa.m.s) 
0 0 1.24xl04 6.80 X 10"9 I 
0.5 0.0118 l. 76x 104 6.68 x10"9 
l.O 0.017 l.95x104 6.62 X 10"9 
1.5 0.019 4.38x !0"4 6.67 X 10"9 
2.0 0.042 1.01x10"3 6.68 X 10"9 
2.5 0.096 2.60x 10·3 6.64 x10"9 
3.0 0.246 5.76x10"3 6_67 xl0"9 
3.5 0.546 0.0123 6.61 xl0"9 
4.0 2.585 0.0273 6.68 x w-9 
5.0 12.692 0.1339 6.72xl0"9 
5.5 72.5 0.7648 6.75 xl0"9 
1.7 0.0326 3.4410"' 3.53x10"9 
2.! 0.0976 1.03 10", 6.61x 10-9 
2.7 0.2393 2.5210"0 6 70x10"9 ! 
3.0 0.3296 3.4810"0 6.65x 10"9 
3.5 0.7057 7.4410"0 6.70x10"9 
4.0 1.5103 0.0159 6.67x10"9 
4.5 3.3081 0.0349 6.78x10"9 
Table 9: Helium Permeabdity at 0.1 Torr 
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Figure 27: A Graph of Helium Permeability at 0.1 Torr against Benzene Adsorbed 
11.3 Discussion 
From the graph it can be seen that for Run 1 initially the permeability of the helium 
through the sample is decreasing as more benzene is adsorbed into the pores. This is 
because the more benzene is adsorbed the more difficult for the helium to pass through 
the pores. However at loading of 1.5 mmol!g, the permeability of helium unexpectedly 
increased. Earlier, it is assumed that the adsorbed benzene molecules firmly attached on 
the carbon surface. Such assumption might not be true as some of the benzene molecules 
could escape from the pores when valves C and D are opened. This explains why the 
permeability of helium is not constantly decreased but fluctuated instead. 
Ultimately, regardless on how much benzene is added, the permeability increased rapidly 
This is because although much benzene has been adsorbed into the pores, the molecules 
could escape easily as soon as the valves are opened even if the sample is frozen at 0.5°C. 
When the experiment is ran for the second time (Run 2), the same behaviour is observed 
where there is a fluctuation along the benzene adsorbed. However, the value of 
permeability of helium is slightly different compare with Run 1. This is probably due to 
inconsistency in temperature of the sample since it varied from 0.5 to 2.1°C (depends on 
the ambient temperature). 
11.4 Recommendation 
l. Valve C and D should not be opened even when the sample is frozen. The 
traces of benzene between the valve and the sample can be neglected. Once 
the sample is frozen and benzene vapour from upstream and downstream 
reservoirs has been pumped out, helium is added. 









q Vm x104 <ll 
0 0 1 
0.5 0.45 0.984 
1.95 1.75 0.937 
2.8 2.51 0.910 
3.7 3.32 0.881 
Helium Pressure at 5 Torr 
q Vm x104 <ll 
0 0 1.000 
0.5 4.49 0.984 
2.6 2.33 0.916 
2.85 2.56 0.908 
3.7 3.32 0.881 
4.47 4.01 0.856 
4.9 4.40 0.842 
5.1 4.58 0.836 
Helium Pressure at 8 Torr 
q Vm x104 <ll 
0 0 1.000 
0.55 4.938 0.982 
~---
1.9 1.706 0.939 
1.95 1.751 0.937 
-
2.85 2.559 0.908 
-
3.65 3.277 0.882 
4.67 4.192 0.850 
4.92 4.417 0.841 
5.1 4.578 0.836 
Units: q (mmol/g) 
r (m) 
&* u1.ur.;rupure. mesopore YJXJ0'7 B•1xlO-' r2xl0·' Bk2x 10-'0 
0.710 5.500 2.807 2.790 1.424 
0.699 5.456 2.740 2.767 1.390 
0.665 5.324 2.547 2.701 1.292 
0.646 5.246 2.4367 2.661 1.236 
0.625 5.162 2.321 2.618 1.177 
&* macrqpt;Jre mesovore fJX]0'1 B.1x1o-• r2x I o-" Bk2x10'10 
0.710 5.500 2.807 2.790 1.424 
0.699 5.456 2.740 2.767 1.390 
0.651 5.265 2.462 2.671 1.249 
0.645 5.241 2.430 2.659 1.233 
0.625 5.162 2.321 2.618 U77 
0.608 5.089 2.223 2.581 1.128 
0.598 5.047 2.169 2.560 U01 
0.593 5.028 2.145 2.551 1.088 
&* macrOfJ_ore meso pore 
r1x10-7 B.1x1o-• r2x w-• Bk2xl0'10 
0.710 5.500 2.807 2.790 1.424 
0.697 5.451 2.733 2.765 1.386 
0.667 5.329 2.553 2.703 1.295 
0.665 5.324 2.547 2.701 1.292 
0.645 5.241 2.430 2.659 1.233 
0.627 5.167 2.327 2.621 1.180 
0.603 5.069 2.198 2.572 1.115 
0.597 5.045 2.167 2.559 1.099 




s.x1o-• B,x10·11 BxiO·' j 
r3x 10'10 Bk3x w-" 
6.740 3.440 1.229 4.525 1.233 
.... /n !" ffi 
tT1 
6.686 3.357 1.199 4.452 1.204 __, w 
6.525 3.121 l.ll5 4.241 1.119 > 0 -.J 
"' 6.429 2.985 1.066 4.117 1.071 
6.326 2.844 1.016 3.986 1.020 
"' 
n 
"' ffi = 0. tT1 
... __, 
w 
s 0 "' 





6.740 3.440 1.229 1.131 1.240 0 ,.., 
6.685 3357 1.199 1.113 1.210 'U 
" 6.452 3.017 1.078 1.037 1.088 3 
" 6.423 2.977 1.064 1.027 1.074 "' c. 




6.236 2.724 0.973 0.968 0.983 ,.., 
6.185 2.659 0.950 0.953 0.959 




" "' !'; 
P-
micrqp_ore 
s.xw-• B,x 10'11 Bxlo-• 
r3x I 0'10 Bk3x I o·" 




6.680 3.349 1.196 1.778 1.214 -~ 
6.530 3.129 !.118 1.699 1.135 '" §. 
6.525 3.121 1.115 1.696 I 132 'U 0 
6.423 2.977 1.064 1.644 1080 ~ 0 
" 6.331 2.852 1.019 1.597 1.035 ~ :» 
6.212 2.694 0.962 1.538 0.978 0 c. 
6.183 2.656 0.949 1.523 0_964 < "' ;;;




CREE7307, CHEE7309 Studv ofPenneation of Benzene and Heliwn Through Porous Activated Carbon 
13. Appendix IV 
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Figure 27: Pore Size Distribution for Activated Carbon 
Mesopore and micropore sizes are determined from the above pore distribution function. 
From Figure 28, based on the two peaks, it is estimated that micropore size and 
mesopore size to be 6.74xl0-10 m and 2.79xl0"9 m respectively. 
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Figure 28: Pore Size Distribution to determine macropore size 
From Figure 28, macropore size is estimated to be 0.55xl0-6 m 
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15. Appendix VI 
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Figure 29: Distribution of micropore size. 
Based on Figure 29, it shows that about 78% of pore volume distribution is occupied by 
micropore sixe (< 1.0 run). Hence, the porosity of micropore size is about 0.312. This 
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Figure 30: Benzene Isotherm at 20 and 30°C. 
Benzene loading at 25°C is determined from the above isotherm. 
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